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ABSTRACT
Cationic polymerization reactions of para-substi tuted-a-methyl
styrenes were carried out with TiCl^ and SnCl^ catalysts alone and with
t-butyl chloride (TfiC)
,
benzyl chloride (BC)
,
and t r ipheny lmethy
1
chloride (TPMC) co-catalysts in methylene chloride at -78°C under argon.
The para-subs t i tuents were : U
,
isopropyl
,
methoxy , fluoro , chloro , and
bromo. The monomers were investigated for the effect of different
catalyst systems on tacticity, molecular weight (MW) , molecular weight
distribution (MWD) , and for the relationship between tacticity, glass
transition temperature, molecular weight, and crystalline properties.
The resulting polymers were characterized by gel permeation
chromatography (CPC) to determine MW and MWD and to attempt to eluci-
date the ion-pair mechanism of the cationic polymerization reactions.
Thermal properties were determined by differential scanning calorimetry
(DSC), and the crystalline properties by wide angle X-ray scattering
v
(WAXS) and with the polarizing microscope. The polymers were charac-
terized for tacticity by 90 and 250 MHz nuclear magnetic resonance
(NMR)
.
Propagation statistics were calculated to complement reaction
mechanism interpretations by GPC analysis.
vi
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CHAPTER I
INTRODUCTION
One of the least systematically studied and least understood
reactions of practical importance is the cationic polymerization of
vinyl-type monomers. Despite numerous attempts to elucidate the
mechanism of cationic systems, a quantitative interpretation of such
a mechanism, at the present time, is not yet satisfactory [1,2,3,4],
The mechanism of cationic polymerization depends largely on
the structure of the active end group, the ion-pair responsible for
the placement of the incoming monomer and the nature of the counter-
ion •
Because we know so little about these important parameters
involved in this type of polymerization, the present research program
placed emphasis on the following
:
(a) the mechanistic aspects such as the number of counter-ions
and/or chain propagating species; how to control chain transfer reac-
tions and, consequently, how to control the molecular weight (MW) and
the molecular weight distribution (MWD) . Such aspects of the mechanism
of a reaction can be investigated by gel permeation chromatography (GPC)
,
and complemented by nuclear magnetic resonance (NMR) to see whether
chain propagation obeys Bernoullian or Markov statistics, both related
to a specific ionic species (ion-pair or free ion) responsible for
syndiotactic or isotactic stereoregularity
.
(b) a quantitative treatment of the influence of the structure
on reactivity.
The monomers investigated in the present study were a-methyl-
styrene (serving as a reference) and five different para-substituted-
ot-methylstyrenes: para-isopropyl
,
-methoxy,
-fluoro,
-chloro, and
-bromo-a-methylstyrene. The polymerization reactions were carried out
in polar medium (methylene chloride) at
-78°C under argon using Friedel-
Crafts catalysts such as TiCl^ and SnCl^ and co-catalysts of the type:
t-butyl chloride (TBC)
,
benzyl chloride (BC) and triphenylmethyl
chloride (TPMC)
.
Previous investigations in this field of cationic polymeriza-
tion on para-substituted a-methylstyrene were done by Lenz and co-
workers [5]. Their experimental data are summarized in Table 1-1, but
some of the T and T values do not agree with the results of the
g m b
present investigations, which will be described in the following chap-
ters. In terms of the mechanism of polymerization, such data are
not conclusive since they fail to give information about which ion
species controlled the propagation reaction as well as what counter-
ion was present.
It is also apparent in Table 1-1 that when poly-para-methyl-
a-methylstyrene is compared with poly-a-methylstyrene, both prepared
under identical reaction conditions, the former is crystalline while
the latter is not. From these observations we may ask ourselves
whether the difference in crystallinity may come from a difference in
packing ability (which possibly depends upon the nature of the para-
substituent) , and/or a difference in stereoregularity . It was of
3TABLE 1-1: Tacticity, thermal and molecular weight properties of
p-substituted-a-methylstyrene polymers prepared under
identical conditions3
Triad Thermal Molecular
P- Tacticity, Properties, Weights,
Substituent % b °CC x 10" 3 d Yield,
%
S H I
T
g
T
m
T /T eX J-
g m
M
n
M1 1
w
M /M11 / 11
w n
H 86 11 3 185 41 145 3.5 84
CH 03 95 5 0 175 219 0.91
_f
26
CH(CH
3 ) 2
85 10 5 124 22 51 2.4 66
C(CH
3 ) 3
85 14 1 158 216 0.88 15 50 3.3 79
CH 0 91 7 2 117 184
1 0.86 1 32 85 2.7 96
CI 83 13 4 156 239
h 0.84 171 405 2.4 94
F 83 17 0 196 247 984 4.0g 93
F
3
C 45 45 10 135 197 0.87 43 102 2.4 93
a
With 0.2 mole % TiCl, catalyst based upon monomer in methylene chlor-
ide at -78°C.
Triad contents: S - syndiotactic ; H - heterotactic ; I - isotactic;
determined by NMR analysis.
Measured by DSC.
d
Measured by GPC.
e
Ratio in °K.
^Polymer was insoluble in solvent used for GPC.
8Data is for high molecular weight fraction only; 17% of sample was
low molecular weight fraction with = 4,000 and = 8,000.
143° by torsion pendulum method.
Second endotherm observed at 215°C; T /T = 0.8.
practical industrial importance to find out what factor influences
poly-para-methy 1-g-methy lstyrene to crystallize even with a larger
size group than poly-a-methy lstyrene and, consequently, to see whether
crystallinity of the resulting polymer was related to a specific para -
group or to any para-group in general.
Mechanistic Aspect of Cationic Polymerization
The importance of the study of the mechanism of cationic
reactions by GPC analysis is well exemplified by the work done by
Higashimura and co-workers [6,7,8,9]. They studied several aspects
relevant to the mechanism of cationic polymerization, namely the MWD
formed by a two-counter-ion system, the nature of the propagating
species, and the possible formation of living polymers.
By polymerizing styrene in the presence of two kinds of cata-
lysts (SnCl^ and AcClO^) in methylene chloride they found a bimodal MWD
and concluded that two different counter-ions (SnCl^-ClO^ and CIO^ )
were simultaneously present, giving rise to two polymers of distinctly
different MW [6]. Subsequent research led the same investigators to
study the type of propagating species (ion-pair and/or free ion) par-
ticipating in the polymerization reactions of styrene with acetyl-
perchlorate, AcC10
A
,
at -78°C in methylene chloride also by means of
the common ion effect. By gradually adding a salt much as
tetra-n-
butylammonium perchlorate (nBu 4NC104 ) ,
which has a common anion with
AcC10
4 ,
they were able to suppress the formation of the
polymer of
highest MW initially present in a bimodal MWD obtained
by AcC10
4
only.
From these observations they concluded that the high
MW polymer was
produced by a dissociated propagating species, while the low MW frac-
tion by a less dissociated one [7 ]
.
poly-para- chloro-q-methylstyrene gave a binodal molecular weight dis-
tribution. However, it is not known whether such a distribution comes
from two different ion-pairs or two different counter- ions . Further
studies brought Higashimura and co-workers to investigate the possible
formation of living polymers of para-methoxystyrene by iodine [9]. They
polymerized this monomer in carbon tetrachloride at 0°C and found a
linear increase in MW with conversion. This feature was not observed
in a polar medium. On the basis of their findings, they postulated a
long-lived propagating species to be non-dissociated and a dissociated
one to be short-lived. Their investigation on living polymer systems
cannot, however, be considered complete because they did not investi-
gate the variation of the MWD with conversion.
merization reveals the important part GPC analysis plays in achieving
a better understanding in this domain of polymerization. In the present
investigation of para-substituted-ot-methylstyrene a similar approach
was followed to gain more insight about the reaction mechanism such
that we may learn how to control chain transfer reactions, which thus
far have been an obstacle to the formation of polymers with good
physical properties.
Recent work done by Lenz and co-worker [10] showed that
The work done by Higashimura on the mechanism of cationic poly-
The polymerization of the monomer was carried out with TiCl^
and SnCl,. These catalysts are postulated to
4
ions. Plesch [2] proposed that TiCl 4
can sel
form different counter-
f-ionize to form the
following reaction equilibrium (1)
2 TiCl ^=± TiCl + TiCl " (i)4
and it has been generally considered [1] that TiCl, associates with
4
water (known to be a co-catalyst in reaction medium not free of moisture)
to initiate the polymerization according to equation (2).
H 20 M
TiCl
4
> TiCl
4
*H
2
0 > HM
+
TiCl^OH" (2)
On the other hand, SnCl^ has been found to form a hydrate with water
[11,12], which presumably initiates the reaction in a similar way as
described above:
H
20 M
SnCl
4
» SnCl
4
-H
2
0 * HM SnCl
4
OH~ (3)
The uncertainty over which counter-ion may control the rate of
propagation when the polymerization is carried out with TiCl^ invites
the investigation of the common ion effect. The use of this effect is
very important because it can suggest which counter-ion is present and
whether the ion species is a free ion or an ion-pair. The latter can
be deduced from how the MWD is affected by the quantity of salt added.
If the MWD remains unaffected, the influence of the counter-ion is nil,
and in such case it is generally accepted that the propagating species
is a free ion [6]. If, however, a change in the MWD occurs, it indi-
cates that an ion-pair species exists, which is generally either an
intimate or contact ion-pair, II, or a solvated ion-pair, III, as shown
below for the somewhat over-simplified ion-pair spectrum.
7k k k
R-X R
+
X R
+||X" R+ + X
R
-l
k
-2 k- 3
I II III IV
The different species, I, II, III, and IV represent neutral substrate,
tight ion-pair, solvent-separated ion-pair, and free ion, respectively.
The addition of salt containing a common ion is thus expected
to shift the ".quilibrium for species III-IV to the left, according to
the mass action law, and to decrease polymerization rate because free
ions were found to be more reactive than ion-pairs [13]. Salt effects
in cationic polymerization were first studied by Pepper and coworkers
[14]. They concluded that the addition of salt depresses the dissoci-
ation of an ion-pair similar to that in anionic polymerization because
the common ion was found to decrease the yield, the rate of reaction and
the molecular weight of the resulting polymer. The salt which was used
in the present study was trityl pentachlorostannate . Trityl salts are
known to be very poor initiators [15], and thus they become excellent
candidates for common ion effect studies because no polymer is expected
to be produced by them.
With regard to what was mentioned above, it is of fundamental
importance to complement the findings from GPC analysis with those
from NMR analysis. The utilization of monomers with different
para-
groups, polar and non-polar, and catalysts of varied
stability and
activity, may tell us whether the monomer structure, the
spacial
arrangement and/or the stability of the counter-ion are
additional
factors, besides the polarity of the reaction media,
influencing the
8placement of the incoming monomer during the propagation.
Numerous NMR studies have shown that vinyl monomers polymerize
at low temperature in polar solvent to yield predominantly syndiotac-
tic polymers [16,17,18]. Yet it is not well known how many parameters
are responsible for the tacticities given in Table 1-1.
Kunitake and Aso [18] investigated the steric course of homo-
geneous cationic polymerization of vinyl and related monomers. They
considered the following factors: (a) the conformation of the last two
units of the growing chain and the direction of approach of the in-
coming monomer, and (b) the tightness of the growing ion-pair species,
to be the major factors influencing the steric course of propagation.
They found that in polar solvent the counter-ion interacted very weakly,
if at all, with the carbenium ion and, in such a case, the stereoregu-
larity of the chain end became a major factor in determining the steric
course of propagation. The attack at the carbenium ion by the monomer
then occurred at the front (the least hindered side) to give a syndio-
tactic unit. In non-polar solvents the growing ion-pair was tight
enough to force the monomer to attack the carbenium ion from the
back-side (Sn2 reaction) to produce an isotactic unit.
Kunitake and Aso also reported that cationic polymerization of
vinyl ethers (t-butyl vinyl ether, methyl vinyl ether) and a-raethyl-
styrene by Friedel-Craf ts catalysts yielded lower stereoregularities
with increasing temperature. A comparative study between several cata-
lysts led them to conclude that the following order existed among the
catalysts studied for enhancing syndiotacticity : A1C1 3 >
TiCl^ BF
3
OEt
2
> SnCl,. From their data it appears that the nature of solvation
played
4
an important role in influencing the steric structure of the polymer.
The effect of the catalyst was almost negligible in toluene-rich medium
but was important in methylcyclohexane-rich medium. They concluded that
the effect of the polymerization conditions on the steric structure of
the polymer was similar for both a-methylstyrene and the vinyl ethers.
Both types of systems gave a higher stereoregularity at low temperature
and increased isotacticity in non-polar solvent.
Propagat ion Statistics
High Resolution NMR can supply important information concerning
the mechanism of vinyl polymerization in relation to statistical pre-
dictions. It has been found that the formation of a polymer chain can
be described by either Bernoulli or first-order Markov statistics [19].
It is understood that in a propagation following Bernoullian statistics
the chain end is not represented as having any particular stereochem-
istry; that is, it is not important whether the stereochemistry of the
ultimate polymer unit of the growing chain is meso (m) or racemic (r)
.
On the other hand, propagation reactions obeying first-order Markov
statistics are influenced by the configuration of the chain end, which
may be m or r. The schematic representation of Bernoulli trial and
first-order Markov propagation steps are shown in Figure 1-1. There
are four probabilities characterizing the addition process in Markov
statistics: Pm/m, Pr/m, Pm/r and Pr/r (Pr/m means the probability that
the monomer adds in m fashion to an r chain end). Pr/m and Pm/r are
the only two independent probabilities because Pm/m can be calculated
from Pm/m + Pm/r = 1, and Pr/m from Pr/r + Pr/m = 1. For triad
10
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frequencies Pm/r is equal to mr/(2mm + mr) and Pr/m to mr/(2rr + mr)
.
A propagation obeying Bernoullian statistics is known to in-
volve a free ion when the sum of the propagation probabilities,
EP = Pm/r + Pr/m, is unity. This is usually observed in polar mediums
with vinyl monomers giving a highly syndiotactic polymer. On the
other hand, polymers with high isotactic contents are obtained from
a tight ion-pair end group in non-polar mediums, the EP being then
around 0.5. Here the propagation is expected to follow a first-order
Markov distribution. According to the ion-pair spectrum any value of
EP lying between 0.5 and 1.0 should involve a tight or solvated ion-
pair, or a free ion, assuming only one propagating center exists.
The calculated triad values used to test peak intensities for
conformity to Bernoullian statistics are computed from the following
equations
:
D 2mm = Pm
mr = 2Pm(l-Pm)
rr = (1-Pm) 2
where Pm, the fraction of m units, is equal to Pr/m.
Quantitative Treatment of the Structure on Reactivity
The influence of the electron-withdrawing or electron-donating
effects of the para-groups mentioned earlier, on the stability of the
carbenium ion may, perhaps, be correlated with the steric structure of
the polymer. Attempts have been made to correlate the influence of the
substituents with the power of the attacking group by means of the
Hammett equation [20]
;
i
klog — = pa
where k
Q
is the dissociation constant of benzoic acid; k the dissocia-
tion constant of the substituted benzoic acid; o is a measure of the
influence of the substituent on the electron density at the reaction
center and p has been interpreted as a measure of the susceptibility
of the reaction to substitution effects. The treatment is reasonably
successful whether the substrates are attached by electrophilic
,
nucleophilic, or free-radical reagents, the important factor being
that the mechanism be constant within a given reaction series.
However, there are many reactions which do not fit the treat-
ment. In aromatic electrophilic substitution, for example, this
approach was found to work fairly well with electron-withdrawing
groups, but failed for those which are electron-donating. For these
cases, two new sets of o values have been devised: o**~ values for cases
in which an electron-withdrawing group interacts with a developing
positive charge in the transition state, and a values where electron-
donating groups interact with a developing negative charge.
To determine the contributions of the substituents to the
propagation step in cationic polymerization reactions, attempts will
be made to relate tacticity to the o
+
constants through the follow-
ing analysis.
It can be assumed that dyad tacticity is kinetically deter-
mined by a competition between syndiotactic placement, S, and
iso-
tactic placement, I, and the relative rates of these two
competing
reactions are controlled by the ion-pair structure of the active end-
group. Previous work done by Lenz and co-workers [5] on cationic
polymerization of a-methylstyrenes indicates that conditions which
favor the more open or separated ion pairs also favor syndiotactic
placement. Previous workers have observed similar effects in the
anionic polymerization of styrene and also that an enhancement in the
rate of propagation also parallels increased ion-pair separation.
Therefore, in the present analysis we will assume that factors which
increase the average rate constant for propagation, k , have a pro-
portional effect on the ratio of average rate constants of syndio-
tactic, k
g ,
and isotactic, k_, placement. Average values refer to
the average of the contributions of the solvated ion pairs, k
,
P(l)s'
and the solvated free ions, k
p(+) , which are presumed to exist in
equilibrium in polar solvents, or between the contact ion pairs,
k
p(±)c' and solvated ion pairs in non-polar solvents. Hence, the
average dyad tacticity values should follow the Hammett treatment
according to the following equality:
k
P
-X- =
k
H
P
iP
k + kTus I
iH -H
k + k T
s I
where S is the average syndiotactic dyad content, I is isotactic dyad,
and the superscripts P and H refer to para-substituted monomer and
a-methylstyrene itself, respectively. From this equality by the
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Hammet t equat ion
:
k
P
1 P + +log 77 = p 0
k
H
P
then
-P + + _u
log S = p a + log S
H
—P + +and a plot of log S versus a should give a straight line of slope p
-H +
and intercept log S . Most of the data in Table 1-1 does so with p -0.02
The use of the above equation is only applicable to dyads and not
triads which will be determined here. Thus, in order to be able to use
the Hammett equation the observed triad values will be converted to
dyads by the following relationships:
m = mm + l/2(mr)
r = rr + l/2(mr)
Again using well-defined initiators and co- initiators , and
complementing the characterization data as described above, we will
eliminate the important uncertainties which are so characteristic of
these polymerization reactions. This will permit us to obtain basic
information of considerable importance to the understanding of car-
benium ion polymerization reactions.
CHAPTER II
INVESTIGATIONS ON THE CATIONIC POLYMERIZATION
OF a-METHYLSTYRENE
Introduction
This thesis is concerned with the polymerization of unsubsti-
tuted and para-subs tituted-a-methylstyrenes by cationic polymerization.
One purpose of this work was to investigate systematically the effect
of monomer structure on the stereoregularity and on the physical
properties of the resulting polymers. Another goal was to elucidate
the mechanism of cationic polymerization, because, despite numerous
attempts, the quantitative interpretation of such mechanism, at the
present time, is not satisfactory. In this comparative study involv-
ing changes in the para-substituent
,
changes were also made in catalyst
and catalyst-cocatalyst system to be able to gain new information on
how to control chain transfer reactions and, therefore, to control the
MW and MWD as well.
The mechanism of cationic polymerization depends largely on the
structure of the active end group, which is the ion-pair responsible
for the placement of the incoming monomer, and the nature of the counte
ion. Part of this investigation was focused on the number of counter-
ions present during the propagation when different catalyst systems
were used. Recent work done by Lenz and co-workers [10] showed that
poly-para-chloro-a-methylstyrene contained a binodal MWD. However, it
15
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was not known whether such a distribution came from two different
ion-pairs or two different counter-ions. Related to this same inves-
tigation [5] it was found that poly-para-methy 1-a-methy Istyrene
, when
compared to poly-a-methy lstyrene
, both prepared under identical
reaction conditions, crystallized while poly-a-methy lstyrene did not.
From these observations we may ask ourselves whether the difference in
crystallinity may come from a difference in packing ability depending
upon the nature of the para-substituent and/or the stereoregularity?
Experimental
Reagents. a-methylstyrene, titaninium tetrachloride, stannic chloride,
t-butyl chloride, benzyl chloride, triphenylmethyl chloride and
methylene chloride were purchased from Aldrich Chemical Company. Before
being used in the polymerization experiments different purification
procedures were utilized to obtain high purity reagents indispensable
in cationic polymerization.
Column chromatography was a first step in removing the inhibitor
from a-methylstyrene. Basic aluminum oxide, as separating agent, and
petroleum ether as solvent were used for that purpose. The petrolumn
ether was distilled off at atmospheric pressure, followed by the dis-
tillation of a-methylstyrene under vacuum. The purity of the monomer
was determined by gas-phase chromatography and was found to be greater
than 99.5%.
TiCl^, SnCl,
,
t-butyl chloride and benzyl chloride were dis-
tilled twice. Triphenylmethyl chloride was purified by recrystalliza-
tion. Methylene chloride was dried by refluxing it over phosphorous
pentoxide for three days, and then distilled off whenever needed.
All reagents were stored under argon.
Polymerization procedure. Catalyst and catalyst-cocatalyst solutions
of 0.08 mole % of catalyst relative to monomer and 1.37 mole % relative
to solvent were made up in methylene chloride. Equal molar portions of
catalyst and cocatalyst were used. All polymerization reactions were
carried out at -78°C in methylene chloride for 5 minutes under argon
atmosphere. Prior to each polymerization, the experimental set up, con-
sisting of a long collar 100 cc round bottom flask mounted with a drop-
ping funnel, was subjected to a high vacuum for half an hour. Then,
under argon, 1 cc of a-methy lstyrene and 30 cc of methylene chloride
were added into the reaction flask, and 5 cc of catalyst solution into
the dropping funnel. Following the addition the monomer solution was
cooled to -78°C with dry ice in isopropyl alcohol. After 3 minutes the
catalyst solution was added over a period of 2 seconds. The polymeriza-
tion was terminated with 5 cc of methanol. The polymer was then dis-
solved in chloroform and precipitated dropwise in 100 cc of methanol,
filtered off with a sintered glass filter (pore size 4-8 p) and dried
under reduced pressure at 35°C for 24 hours.
Polymer characterization . One of the most important instruments in the
investigation of the mechanism of polymerization is the gel permeation
chromatograph. In this present study an ALC/GPC-201 liquid chromato-
graph model from Waters Associates was utilized. It consists of five
columns packed with 500 A, 10
3
,
1<)\ 10
5
,
10
6 A styragel, respectively.
The calculations of the number average molecular weight (Mn >,
weight
average molecular weight (HJ and molecular weight distribution were
based on a universal calibration curve made up with standard poly-
styrenes fro, 2400 to 1.500,000 ^ in tetrahydrofuran. In these cal-
culations it was assumed that the hydrodynamic volume of the resulting
Polymer and the standard polystyrenes were identical at the same MW.
V Mw and VK Were calculated with the computer program listed in
Appendix A.
The nuclear magnetic resonance (NMR) analyses were carried out
with a 90 MHz Perkin-Elmer R32 NMR spectrometer and a 250 MHz Cameca
spectrometer. Glass transition and melting temperatures of the polymer!
were determined with a differential scanning calorimeter (Perkin-Elmer
DSC-2) at 20°C/min scanning rate. Photographic and scanning wide angle
X-ray scattering (WAXS) were performed using copper radiation.
Results and Discussion
As emphasized in the Introduction section, new information
gained from a systematic characterization of the polymers obtained by
changing catalyst conditions may allow a quantitative interpretation
of the reaction mechanism involved in cationic polymerization. Tables
II-l and II-2 list the experimental data of poly-a-methylstyrene
obtained by varying these parameters.
Yield analysis
.
One of the several unanswered questions in this type
of reaction is why the reaction terminates before the monomer is
totally consumed? The yield data given in Tables II-l and II-2 do not
bring conclusive evidence to reach a better understanding of the
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TABLE I 1-2: Common ion effect observed on the yield, molecular weight
averages, and molecular weight distribution of poly-ct-
methylstyrene
Expts
if Latalyst-SaLt Ratio M% Yield n
M
w
M /Mi
* in
w n
101 TiCl .
4 82 6400 16000 2.4
212 2/3 TiCl
A
+ 1/3(T1C1, + TPMC) 83 7500 18000 2.4
213 1/3 TiCl
A
+ 2/3(TiCl, + TPMC) trace
214 TiCl. + TPMC
4
U
103 TiCl. + TBC
4
Q £.OO o J00 22000 2.6
215 2/3(TiCl
4
+ TBC) + 1/3(T1C1, + TPMC) 0/ ozOO 21000 2.6
216 l/3(TiCl
4
+ TBC) + 2/3(TiCl
4
+ TPMC) trace
217 T1C1, + TPMC
110 SnCl .
4
10UUU 47000 2.9
218 2/3 SnCl^ + l/3(SnCl
4
+ TPMC) 95 25000 56000 2.2
219 1/3 SnCl
4
+ 2/3(SnCl
A
+ TPMC) 94 34500 70000 2.0
1 1 6
_L _L \J
4
56 290000 480000 1.6
111 SnCl. + TBC
4
87 7800 20000 2.5
221 2/3 (SnCl, + TBC) + 1/3 (SnCl 4 + TPMC)
95 9600 25000 2.6
222 l/3(SnCl, + TBC) + 2/3(SnCl
4
+ TPMC) 96 14000 38000 2.7
115 SnCl. + TPMC
4
9 150000 330000 2.2
termination process. In the case of TiCl^ it was first thought that
by doubling the catalyst concentration the yield would increase, but
experimental results did not support such hypotheses. However, in the
yields obtained with TiCl
4
and SnCl^ it can be seen that the poly-
merization reactions carried out with SnCl
4
reached near completion
(Experiments 101, 102, 109 and 110). Comparisons of the MW data of
these polymers seems to suggest that the MW was dependent on the extent
of chain transfer, known to control the length of an individual polymer
chain, with the two catalysts [4]. Chain transfer may, in turn, be
related to the stability of the ion-pair and counter-ion.
The difference in yield between Experiments 110, 111 and 115,
116 may come from a different initiation process or from the suppres-
sion of one of the counter-ions by the anion of the added salt, if more
than one is involved during the course of polymerization.
It is known that initiation by triphenylmethy 1 carbenium ion
in the same experimental conditions is extremely slow [3]. In the
present case a relatively high yield was obtained which may have come
from ionic species not suppressed by the addition of salt. From these
observations it seems most likely that the polymerization was initiated
by the proton generated from the reaction of SnCl^ with residual water.
Sigwalt [12] and Norrish [11] postulate that, prior to initiation,
hydrates of stannic chloride are formed when water is added as co-
catalyst :
SnCl, + H
2
0 * SnCl
4
«H
2
0 (1)
SnCl H
2
0 + H
2
0 > SnCl
4
'2H
2
0 (2)
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It is not known whether equations (1) and (2) are in equilibrium.
At high water concentrations the di- or trihydrate may also be formed,
but their effect on initiation and/or propagation is not known either.
Assuming that the monohydrate is responsible for the initia-
tion, the following reaction may take place:
M
SnCl^-H
2
0 ^ HM
+
SnCl OH (3)
Since in the present experimental conditions low catalyst concentra-
tion (0.08 mole % relative to monomer) were used and the polymerization
reactions were carried out under argon, reaction (3) was most likely to
occur. This suggestion may explain why Experiments 219 and 222 gave
high yield, when compared with those of 213 and 216, because no common-
ion was present. If self-ionization of SnCl^ was possible, a lower
yield would be anticipated because a shift of the reaction equilibrium
to the left would decrease the rate of initiation as explained in
Chapter I.
Gel permeation chromatography analysis . In recent years gel permeation
chromatography (GPC) analysis has not only become a method for the
determination of molecular weight averages, but has also become very
important in the investigation of mechanism of reactions [7]. and
M for the polymers prepared in this study are collected in Tables II-l
w
and II-2, and their corresponding GPC distributions are shown in
Figures II-l through II-6.
Plesch proposed that the self-ionization of TiCl 4 is
the follow-
ing equilibrium reaction [2]:
2 TiCl
A ^=± TiCl 3
+
TiCl
5
"
(3)
Assuming this reaction occurs, it was of interest of carry out a series
of experiments (see Table II-2) to see whether there was an effect on
the yield of MW and MWD caused by adding a salt having the same anion
as the catalyst. Thus it was decided to combine TiCl
4
with TPMC in
equal molar amounts to form the salt which would contain the common
ion, TiCl
5
~:
TiCl
4 +
(C
6
H
5
)
3
CC1 ^=± (C
6
H
5
)
3
C
+
TiCl," (4)
Considering the simplified, ion-pair spectrum shown below,
it may be possible to decide which type of ion-pair may be involved
in the mechanism of propagation.
kl + _ k2 +
R-X R X ^==t R + X"
k
-l k-2
I II III
The different species I, II and III represent neutral substrate, ion-
pair, and free ion, respectively. Here and in subsequent references
to ion-pairs, it is and will be referred to as various types of ion-
pairs, including tight and solvated ion-pairs. By changing the cata-
lyst-to-triphenylmethyl chloride ratio, as indicated in Table II-2, a
shift to the left along the ion-pair spectrum would be expected
according to the mass action law. Such a shift should result in a
decrease in yield [21]. Experiments 213 and 214 do agree with that
assumption, and these results demonstrate that TiCl^ was the common
ion in the polymerization pattern.
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In Figures II-l through H-3 a multi-modal MWD is observed,
which leads to the question of whether the shape of these curves came
from the presence of several counter-ions and/or from different ion-
pairs present during the polymerizations. Higashimura and co-workers
observed the latter in the polymerization of styrene with acetyl
perchlorate in methylene chloride at
-78°C [22].
Figure II-l shows the MWD of poly-a-methylstyrene obtained from
TiCl^ alone and with different co-catalysts. Co-catalysts such as BC
and TBC forming TiCl
5
~ with TiCl
4
were considered to have a common-ion
effect also, but their corresponding salt was a better initiator than
the trityl salt formed by addition to TiCl^ with TPMC. Apparently,
therefore, initiation took place through the t-butyl and benzyl
carbenium ion as follows:
M
(CH
3
)
3
CCl + TiCl
4
^=t ( CH 3 ) 3
c+ TiCl
5
"
> ( CH
3
)
3
CM+ TiCl
5
" (5)
_^ + -
M
+C.H.CH^Cl + TiCl. ^=± C,H,.CH 0 C TiCl, C,.H,CH 0 CM TiCl c (6)6 i> 2 4^652 5 652 5
Figures Il-lb and II-lc show evidence of a decrease of the low
MW peak when compared with Figure la. This result suggests the presence
of a substantial amount of TiCl,. causing a shift of the ion-pair
equilibrium to the left. Identical observations are seen in Figures
II-2b and II-3b. By increasing the salt concentration as described
in Experiments 213, 214, 216 in Table II-2, no yield was obtained
suggesting a complete suppression of any ion-pairs and/or free ions
which were involved in the propagation of a salt-free system.
In Experiment 107 both catalysts, TiCl, and SnCl^, were mixed

2b
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in equal molar amounts, giving rise to two possible initiation
mechanisms
:
TiCl
4
+ SnCl
4
^=± TiCl + SnCl (7)
TiCl
4
+ SnCl
4 ^ SnCl 3
+ TiCl^
( 8 )
Since a common ion effect was not observed in Figure Il-ld, initiation
through reaction (7) was the most probable.
The question now becomes: what types of ion-pairs were respon-
sible for the low and high molecular weight polymer fractions? In a
previous paper [7] Higashimura and co-workers studied the effect of
added salt on this property and observed by GPC analysis that the high
molecular peak varnished as the concentration of salt increased,
implying that the high molecular weight material was obtained from a
free ion and the low molecular weight peak from an ion-pair of some
type. In the present investigations, the opposite effect was apparent:
the amount of low MW decreased while the high molecular peak shifted,
indicating an increase in MW. This important observation indicates
that, according to the ion-pair spectrum and the mass action law, the
high MW polymer was obtained through an ion-pair and not a free ion,
as is commonly seen in ionic polymerization. This conclusion suggests
that propagation by ion-pairs was faster than by free ions, which is
an unexpected finding for polymerization reactions carried out in
highly polar solvent. According to Pepper [23], it is possible, under
certain conditions, to have paired species in the monomer-complexed
form, which might make the ion-pair more effective.
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It was mentioned before that SnCl
4
forms a hydrate with water;
therefore, a common ion effect is not expected with the same co-
catalysts. However, it was of interest to see what changes could be
observed in the MWD, and indeed interesting variations are seen in
Figures II-Ab and Il-4c, which show the presence of two low MW peaks
which were not present when the reaction was carried out with SnCl
4
only
.
A plausible explanation for the change observed is the occur-
rence of a new initiation process. Equations (9) and (10) may be
responsible for the pattern for Figures II-4b and II-4c.
+
M +SnCl
4
+ (CH
3
)
3
CCl^=± (CH
3
)
3
C SnCl
5
~
* (CH^ CM SnCl
5
~ (9)
M
SnCl
4
+ C
6
H
5
CH
2
C1^ C^Cl^C* SnCl
5
"
> C 6H5
CH
2
M
+
SnCl
5
" (10)
It is interesting to note that TBC and BC had opposing effects
with TiCl^. In the previous catalyst system BC had a greater depressing
effect on the low MW material than did TBC, but with SnCl^, BC was
responsible for the formation of a larger amount of low MW polymer.
This difference is also apparent in Table II-l in a comparison of the
MW averages. From these results, it may be concluded that BC has a
better co-catalyst efficiency than TBC.
The appearance of low MW material in Figures II-4b and II-4c
clearly demonstrates that there was no common ion effect in these
reactions, as was previously anticipated. It is likely instead that
a new anion was added to the reaction system by reaction (11) [11]:
RC1 + SnCl. R
+
SnCl " (H)
4 N j
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Referring again to the mass action law and the ion-pair spec-
trum, it can be proposed with some confidence that the low MW polymer
was obtained by a free ion system as already observed with TiCl
.
4
However, it is not known whether an ion-pair or a free ion was in-
volved in reactions 109 and 110. The corresponding GPC spectrum
showed only one peak and a small shoulder in the low MW region. The
propagation is expected to occur by a free ion because of the high
polarity of methylene chloride, but there is no evidence to support
this hypothesis so far.
By replacing completely the catalyst used in Experiments 111
and 113 by the t riphenylmethyl stannic pentachloride salt in Experiment
115 and 116, a relatively high MW polymer was produced, as shown in
Figures II-4d and II-5d. The sharpness of the peak in this figure
strongly indicates that there was only one ionic species in this reac-
tion. The counter- ion, which may have played a role in the propaga-
tion, was expected to be the SnCl,-* anion. It is well known that
highly reactive trityl salts provide scavenging agents for the removal
of nucleophilic impurities in reaction solvents [24]. Thus less
termination and chain transfer would be expected in agreement with the
high MW and narrow MWD of the resulting polymers. However, a 9% yield
was obtained after five minutes, which was relatively high compared to
a 4% yield obtained by Matsuguma [15] after 24 hours in the same
reaction conditions. This may well indicate that the counter-ion
responsible for the product was SnC1^0H~ and not SnCl,- . It may also
suggest that an ion-pair was present in Experiments 110, 115 and 116
and not a free ion.

Examination of Figure II-5 may help to explain better why
SnCl
4
OH" was present. Considering the catalyst systems in Experiments
110, 218, 219 to 116 in Table II-l, in which the concentration of
SnCl
4
was decreased as that of the trityl salt was increased, only
SnCl
5
anions should have been present and no yield of polymer should
have been observed, but this was not the case. On such evidence it can
be concluded that the polymerization reaction was initiated by the
mechanism described in Equation (3) and not by the trityl carbenium
because of its poor initiation capability.
Up to the present time, living polymeric carbenium ions have not
been demonstrated when olefinic monomers were polymerized. The MW
data of Experiments 115 and 116 may be an indication that the increase
in MW with time occurred by a living mechanism. Another important
result supporting such a possibility is the experimental data in Table
II-2 corresponding to Figure II-5. In these data it is seen that the
MW increased and the MWD decreased as the concentration of SnCl, was
4
lowered
.
It is commonly found in cat ionic polymerization reactions that
the MW is controlled by chain transfer reactions. If this was true
in the present investigation, the MW would remain about constant.
Although chain transfer reactions were still apparent from the
asymmetric shape of the GPC curves, it is possible that some living
polymers were present during the propagation reaction. Pepper [25]
commented on such a possibility and described the life of one type of
living polymerization as intermittent, not continuous.
Experiments 111, 221 and 222 carried out with TBC showed a
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completely different reaction pattern from that previously observed
with SnCl
4
alone. The MW as well as the MWD increased as the salt
concentration increased. Such results would be expected from the
common ion effect, as previously discussed. The respective GPC
curves for these experiments are shown in Figure II-6, which has some
similarities with Figure II-l. The two lowest MW peaks disappeared
on addition of salt. Such changes lead to the same conclusion as
proposed for TiCl
4 ;
that is, in such polymerization reactions the rate
of propagation for the high MW polymer was controlled by the ion-pair
and the rate of propagation to yield the low MW by the free ion.
Thus far no consideration has been given to the shoulder of a
third peak, representing the lowest MW fraction in Figures II-l, 2, 3,
4 and 6. It is reasonable to suggest that a different propagating
species was responsible for that peak. Because the number of ion-pairs
and/or free ions present in the reaction process is not known, it may
be thought that the low MW polymers were produced by a species not in
rapid equilibrium with the two ionic species previously suggested.
This is the explanation which was offered by Higashimura [7] for the
formation of low MW material in the polymerization of styrene with
acetyl perchlorate.
It is apparent in Figures II-l through 6 that in most cases
the GPC distribution of poly-a-methylstyrene is multimodal. The cor-
responding polydispersity
,
given in Tables II-l and II-2, is the value
of the whole distribution and, therefore, does not represent the MWD
of any specific polymer produced during the polymerization reaction.
Nevertheless, an attempt was made to separate low and high MW polymers
35
cm
lj-b. t;Pt: d 1st r i but ion of poly-a-methy iHtyrene obtained by
different (SnCl / -TliC)-salt ratios.
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from the multimodal distribution of sample 101. The values given
below are only an approximation of M
w>
and M^/M^ since large
errors were expected to be introduced during the estimation of the
low and high MW.
Sample // % %t\
101a 10500 20000 1.9
1Qlb 5500 10800 2.0
Thermal analysis. A principal goal of this investigation was to
determine whether high stereoregularity led to crystallization during
polymerization. The base-line change in the thermogram of Figure II-7
was assigned to the glass transition temperature. Thermal analysis
by DSC did not indicate the presence of a crystalline melting point.
Instead, a large endotherm appeared at about 277°C, suggesting the
beginning of thermal degradation. The fact that no crystalline
material was present in even the polymers of highest syndiotactic con-
tent was confirmed by WAXS. Photographic WAXS showed two diffraction
rings coming from the amorphous material. No sharp pattern was ob-
served. Similarly, the scanning WAXS seen in Figure II-8 also indi-
cated that no peak associated with crys tallinity was present.
The question arising from such observations is: what factor
prevents crystallization in these polymers? It is well known that
indane end groups are formed in the polymerization of a-methylstyrene
through an intramolecular chain transfer mechanism when the reaction
is carried out with Friedel-Craf ts catalysts in polar solvent [5]:
J 7
a ) j sill) )u | pii | joj jo'j puu | n>|
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It can be hypothesized that Friedel-Craf t alkylation could also occur
at the para-position of the phenyl ring along the polymer chain and,
therefore, could be an important factor preventing crystallization.
Wild et al. [19], in the evaluation of the MW and MWD of
branched polyethylene by GPC analysis, found that an increase in long
chain branching was accompanied by an increase in the weight-average
molecular weight and a broadening of the MWD relative to linear poly-
ethylene. In our case, the extent of chain transfer expected to
occur during the polymerization cannot be estimated because the MW
and MWD of linear poly-a-methylstyrene obtained and determined in
identical reaction and characterization conditions are not known.
NMR analysis
.
A fundamental question brought up by the NMR data to
date is what parameters were responsible for the tacticities reported
in Table II-l? Numerous investigations have shown that non-polar
vinyl monomers polymerized at low temperatures in polar solvents yield
predominantly syndiotactic polymers [18]. The present study follows
the same trend. Even though all polymerization reactions were carried
out under identical experimental conditions, it is observed in Table
II-l that SnCl^ gave slightly higher syndiotactic polymers. This
result may suggest that the spatial arrangement and/or the stability
of the counter-ion was the principal parameter influencing the stereo-
regularity during the propagation between the two catalysts.
A typical NMR spectrum of poly-a-methylstyrene is seen in
Figure II-9. The triad peaks of the a-methyl protons were assigned
as in previous NMR studies of poly-a-methylstyrenes [18]. That is,
the highest and lowest field signals were assigned to the syndio-
tactic and isotactic configuration, respectively. The chemical shift
for the triads of the a-methyl groups are 0.22, 0.33 and 0.55 ppm for
the syndiotactic, heterotactic and isotactic stereoregularities
,
respectively. Table II-3 gives the calculated and observed triads
values of the syndiotact ic-rich polymers listed in Table II-l.
If in polymerizing a-methylstyrene with a Lewis acid in a
polar solvent such as methylene chloride, a single ion-pair or free
ion end group is involved, then the propagation would be expected to
follow Bernoulli statistics. Propagation obeying Bernoullian statis-
tics is known to involve a single species or active center when the
sum of the propagation possibilities, EP = Pm/r + Pr/m, is unity.
The propagation probabilities and the calculated values were obtained
from equation derived by Bovet [19] with the results collected in
Table II-3.
It is apparent in Table II-3 that, in some cases, EP is
somewhat lower than one, but the discrepancy in the values is believed
to be due to the small amount of mm triad taken into account in the
calculation of Pm/r from the quantity mr/(2mm + mr). An error in mm
values could give rise to a larger error in ZP. Such an error is not
observed in Experiments 101, 106, 107 and 116. In most cases when
the observed amount of mm triad was less than one percent, one percent
was recorded. In that context it can be concluded with some confidence
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TABLE II-3: Polymerization reactions expected to follow Bernoullian
stat istics^
Exptls. //
Triads Propagation Probabilities
rr mr mm Pm/r Pr/m EP
1 01 o bs • 0, 86 0. 13 0. 01 0. 87 n u / nu • Q A
i 86 13 0. 01
1 0? O D S . 0. 87 0. 12 0. 01 0. 86 o 06 0 Q9
r»Q 1La LL • 0. 88 0. 11 0. 01
i \j j f~\ r\.ODb • 0. 90 0. 09 0. 01 0. 82 o OS n 87O /
0. 91 0. 01 0. 01
1 OA obs • 0. 89 0. 10 0. 01 0. 83 0. 05 o 88
CalC • 0. 90 0. 10 0. 01
1 06 obs
.
0. 86 0. 13 0. 01 0. 87 0. 07 o 94
LdiC • 0. 86 0. 13 0. 01
107 obs • 0. 86 0. 13 0. 01 0. 87 0. 07 0. 94
cai c • 0. 86 0. 13 0. 01
1 OQ V-\ o 0. 92 0. 07 0. 01 0. 77 0. 04 0. 81
LdiC • 0, 92 0. 08 0. 00
1 1 0 ODS . 0. 91 0. 08 0. 01 0. 80 0. 04 0. 84
Ld 1C . 0. 92 0. 08 0. 00
1 1 1 obs 0. 90 0. 09 0. 01 0. 82 0. 05 0. 87
calc • 0. 91 0. 09 0. 01
113 obs
.
0. 91 0. 08 0. 01 0. 80 0. 04 0. 84
calc
.
0. 92 0. 08 0. 00
114 obs. 0. 92 0. 07 0. 01 0. 77 0. 04 0. 81
calc 0. 92 0. 08 0. 00
116 obs 0. 95 0. 05 0. 00 1. 00 0. 02 1. 02
calc • 0. 96 0. 04 0. 00
a
Calculated from 90 MHZ triad data.
that all of the ZP values are essentially unity and the active center
involved during the propagation is a single ion-pair or free ion in
polymerizations which yielded polymers of unimodal MWD. In other cases,
the appearance of multimodal MWD suggests that more than one propagat-
ing center was present, which conforms also with Bernoullian statistics.
Higashimura and co-workers [22] despite their finding of the coexistence
of two propagating centers yielding a low and high polymer also find
agreement with Bernoullian behavior, but no explanation was given. In
addition to that, Ohsumi et al. [18] in the NMR investigation of
poly-a-methylstyrene prepared with BF^CKC^H^ at
-70°C in various
solvents, find identical results.
Although the mechanistic aspect in this present study still
remains only partially understood, the main objective in subsequent
chapters will be to compare the GPC data from para-substituted-a-methyl-
styrenes to that of the unsubstituted monomer.
CHAPTER III
INVESTIGATIONS ON THE CATION1C POLYMERIZATION OF
PARA-1SOPROPYL-a-METHYLSTYRENE
Introduction
The preceding chapter was concerned with the cationic polymeri-
zation of a-methylstyrene using Lewis acid catalysts and different co-
catalysts. The purpose of that study was to determine how those cata-
lyst systems affect the MW, MWD stereoregularity and the mechanism of
reaction involved during the propagation.
In the present investigation, an identical study was carried out
on the polymerization of para-isopropyl-a-methylstyrene to determine how
the characterization data of the resulting polymers varied as a func-
tion of monomer structure. Another interest was to find out whether
chain transfer reactions were diminished by the presence of the para-
isopropyl substituent. In Chapter II it was suggested that those
reactions occurring at the para position may be partially responsible
for the lack of crystalline material in poly-a-methylstyrene
.
Experimental
JParja-isop ropyl-a-methylstyrene was purchased from Aidrich
Chemical Company
.
The purification of the reagents, the polymerization procedure,
the reaction conditions (0.08 mole % of catalyst relative to monomer
45
and 1.37 mole % relative to solvent) and the polymer characterizations
were identical to those procedures and conditions used during the
investigation of a-methylstyrene
.
Results and Discussion
As in the study of poly-a-methylstyrene , a systematic analysis
of the experimental data is made in this section to find new informa-
tion in order to extend the understanding of the mechanism of cationic
polymerization and to see how the para-isopropyl group may have af-
fected the physical properties of the polymer. Tables III-l and III-2,
similar to those in Chapter II, list the experimental data for poly-
para-isopropyl-a-methylstyrene
.
(1) Yield analysis . It is apparent in Table III-l that the yields and
molecular weights of poly-para-isopropyl-a-methylstyrene were higher
with SnCl^ than with TiCl^. It is generally accepted that such dif-
ferences are related to the difference in activity of the catalysts,
and in this case SnCl, is more reactive than TiCl, . That order of
4 4
reactivity agrees with the order given by Calloway [27] and Burk [28],
which followed the relative catalyst strength of the two Lewis acids.
That order, however, was not always of the same sequence, as found by
Fairbrother and Seymour [29], who based their suggestion on the yield
and MW of polyisobutylene obtained at -78°C. Because of the difference
in reaction conditions, such disagreement is bound to occur between
these systems, as was pointed out by Pepper [30]. Pepper stated that
"no unique order of catalyst activity in all systems could be expected,
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TABLE I I I- 2: Common ion effect observed on the yield, molecular weight
averages, and molecular weight distribution of poly-
para
-isopropyl-q-methylstyrene.
Exptl.
// Catalyst-Salt Ratio
7/o
Yield Mnl L MW
M /M
121 3/1 Tin
4 82 6200 13500 2.2
232 9/1 TIT! 4- 1 /"Ti PI i mm/(/n\4*1 J i xux^ -i- l/j^ ULl^+lrMC
)
74 8000 26000 3.2
233 1/1 Tin 4- 9 /T/Ti'Pl itdmp\x j i Li^ T Z/ J llLl^*rlrMC) 16 13000 14000 1.2
234 1/lfTin 4- TPMnj/ juii,i^ *r ir rlL»
y
0
123-i- 1~ ~j T/VTi PI 4- TRnJ/ JV 11^1^ T 87 10000 23000 2.7
235 2/3(TiCl +TBn + l/2fTin 4-TPMn OJ £ AAA i c aaa15000 2 .
6
236 1 /IfTin +TRn 4- 9/lfTin -UTPMr\x/ j v ^ j-VjI^t i j t ^/ J ^ 1 lLl^T 1 r rlL.,; 21 i aaaa10000 1 O AAA12000 1 . 2
214 l/lfTiPl 4- TPMn 0
1 ?Qj. c y
4
a c "7 C AA/500 ~\ O AAAloOOO 2 .
3
21R 7/1 PI 4- 1 / 1 ( tlnfl / 4-TPMn£. j _) OIIKjX^ T 1/ J ^ JllUl/jTlrrlby Q Ryj 1jUUU jZUUU J • _>
2 19 1/1 c.nri 4- ?/VQnri 4-TPMP^X j i_illi^X
^
t ollL<X^ i 1 JtvlVj J Q7 zzuuu OJUUU *\ 7
135 3/3(SnCl
4
+ TPMC) 99 29000 81000 2.8
131 3/3(SnCl, + TBC)
4
90 18000 46000 2.6
241 2/3(SnCl
4
+TBC) + 1/3 (SnCl
4
+TPMC) 89 23000 85000 3.7
242 l/3(SnCl
4
+TBC) + 2/3 (SnCl
4
+TPMC) 94 28000 96000 3.4
135 3/3(SnCl
4
+ TPMC) 98 29000 81000 2.8
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as specific interactions with monomer and solvent are likely to play an
important part." Also, since co-catalysts were used in the present
study, it is to be expected that the activity depends not only on the
acid strength of the catalyst alone, but also on the catalyst-co-
catalyst synergistic effect, which could result in a higher reactivity
and, consequently, higher yields and molecular weights, as it is
clearly observed in Table III-l.
It is interesting to note that experiment 135 gave an almost
quantitative yield, whereas the same reaction produced a low yield in
the polymerization of a-methyls tyrene
. It is known that in cationic
polymerization any electron-donating group will promote reactivity,
while electron-withdrawing groups will retard it. Thus due to the
electron-donating character of the isopropyl group the monomer is
apparently more nucleophilic than a-methy] styrene, consequently increas-
ing the rate of propagation. This may explain the difference in yield
since the monomer was the only parameter changed. On the other hand,
reactions 234 and 2341 did not yield any product indicating a complete
depression of the rate of propagation through the salt effect.
GPC analysis
.
Again, as in Chapter II, because it is desired to
achieve a better understanding of the cationic mechanism specific to
the reaction conditions used, it is necessary to know the significance
of the MW averages and the meaning of their respective GPC distribu-
tion as shown in Figures III-l through III-6.
Figures III-l through III-3 deal with the polymerizations
carried out with TiCl^. Figure III-l shows a multimodal MWD, also
(IPC distribution ol po i y-para-isop ropy X-a-
methylsty riane obtained by TiCl, with
J i f fereat ro-cata lyate •

VI gurc iii-i. UPC diatribution oi po ly-gara- laop ropy 1-a-
methy Istyrene obtained by different
(TiCl , -TBC)-sa 1 L rat Los
.
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reported in Chapter II, but less pronounced. In the polymerization of
a-methylstyrene two distinct ionic species were believed to be present,
resulting in the formation of a low and a high MW polymer. The high
MW polymer was believed to result from the ion-pair and the low MW
from a free ion. Figure III-l shows some similarity with Figure II-l
of Chapter II: the peak representing the low MW polymer decreased when
the reaction was carried out with a specific co-catalyst to alter the
kinetic, behavior [31]. Those changes were attributed to the salt
effects implying that TiCl
5
~
was the common ion [2].
2 TiCl^ —» TiCl
3
+
TiCl ~ (1)
TiCl
4
+ (CH
3 ) 3
CC1 (CH
3
)
3
C
+
TiCl
5
" (2)
TiCl, + C.H C CH 0 C1 ==± C.H C CH 0
+
TiCl ~ (3)
4 652 ~ 652 5
The resulting effect was an increase in the MW averages (Experiments
121, 123 and 125) as previously observed. On the basis of such obser-
vation, it can reasonably be confirmed that the conclusions of Chapter
II apply to this case also.
Table III-2 describes how the common ion effect was investigated
by varying the catalyst-salt ratio. The salt is assumed to be
(C,H C )„C
+
TiCl ~, which is obtained according to equation (4):
6 5 J j
(C
6
H
5
)
3
CC1 + TiCl^ ^=± (C 6H 5 ) 3C
+
TiCl
5
" (4)
Figures III-2 and III-3 show how the GPC curve changes as the salt
concentration was increased.
These results describe very well the similarities between their
respective reaction conditions and demonstrate very well that TiCl ~ is
the common ion in both cases. Experiments 233 and 236 yielded rela-
tively narrow MWD, which are unusual in cationic polymerization,
presumably because one or more of the propagating species was suppressed
in this case; probably the free ion. This narrow MWD may suggest the
occurrence of a living polymer system. However, the GPC distributions
lll-2c and III-3c follow a Schul tz-Flory distribution characteristic
of a chain growth polymerization involving transfer reaction [32] rather
than a Poisson distribution as found in anionic polymerization [33].
Nevertheless, due to a distribution of 1.2, this system may be con-
sidered to have a living character which was still susceptible to
chain transfer reactions but to a much lesser extent.
The interpretation of Figure Ill-Id would seem identical with
that in the investigation of a-methylstyrene . It was concluded then,
that SnClc- was the counterion since no common ion effect was observed
with TBC and BC. Here a slight depression of the MW was apparent, but
the MW was not depressed enough to consider TiCl^ to be significantly
involved in the mechanism of polymerization.
When para-isopropyl-a-methylstyrene was polymerized with SnCl^
a significant change in the GPC spectra was found when compared with
the same reaction in Chapter II. A bimodal MWD is evidenced in Figure
III-4a, while only one major peak was present in the distributions for
poly-a-methylstyrene. This bimodal distribution is unexpected because
it implies the presence of the counterion SnCl,. and because self-
ionization of SnCl, is not known [11,12]. On the other hand, if it
were the ion-pair with SnCl 0H~ in addition to a free ion, a multimodal
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MWD would be expected to result from the addition of co-catalyst. The
distributions in Figures III-4 through III-6, however, are not suf-
ficiently well defined to indicate which ion-pair and counter-ion
were involved. The MW increased slightly, but the MWD remained broad,
indicating that para
-isopropyl-q-methyls tyrene with SnCl
4
was greatly
subject to chain transfer reactions, which were not seen with TiCl
.
4
Such observations are not unusual. It is generally accepted in
cat ionic polymerization [34] that the nature of the propagation reaction
for a given monomer is likely to be influenced differentially by dif-
ferent catalysts. Nevertheless, as indicated in Chapter II, the experi-
ments related to Figure III-5 most likely involved an ion-pair, pos-
sibly with SnCl^OH as the counter-ion, controlling the rate of propa-
gation. For the experiments given in Figure III-6, SnCl^ is probably
involved in the ionic species because a well defined co-catalyst was
used. From a comparison of the GPC results for the two catalysts, it
is apparent that two distinct mechanisms were involved in the respec-
tive polymerization reactions, but the interpretation of these remains
largely unsolved mainly due to the complexity of this reaction system.
The low and high MW polymers of samples 129 and 131 were also
approximated. Both samples have a bimodal MWD whose value is listed
in Table III-l. Again, these new values, given below, are only ap-
proximations since large errors were likely to be introduced during
the estimation of the unimodal MWD of the low and high MW material.
An
—
I 1 1 1 r
30 U) 42 48 54
3
cm
(IPC d is t r I but ion oi poly-jj^ajra-i sop ropy l-u-
nuahy I sly renu obtained by SnCI . with
din urent (.o-eata lysis .

-1 1 1 1 I
JO 36 42 48 54
3
cm
I i | ~o . l!PC d 1st r i but i on
n\et hy Is ty rent* <>b l
(SniM
,
-TBC)-Sfl
I
(
oj po Ly-para- isup ropy 1
a i ned by dj f ferent
ra l i os .
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20000 29000 1.5
5400 8000 1.5
28000 53000 1.9
6300 7800 1.2
Thermal analysis
.
It was demonstrated in Chapter II that poly-a-
methylstyrene, despite its high syndiotactic content, did not have any
crystalline component. This result was attributed to chain transfer
reactions occurring at the para
-position of the phenyl ring to form
branched polymers. In the present investigation with an isopropyl
group at the para-substituent , chain transfer reactions should not
occur, so there should be no restriction on the packing ability of
polymer chains to prevent crystallization.
Figure III-7 shows a typical DSC thermogram of poly-para-
isopropyl-a-methylstyrene in which two transitions are apparent. The
transition at 140°C, taken at the midpoint of the slope, is charac-
teristic of a glass transition temperature (Tg). The transition at
196°C, taken at the apex of the peak, is assigned as the melting
*
temperature (Tm)
.
Scanning WAXS confirmed the presence of crystalline material,
as seen in Figure III-8. The amount of crystallinity based on the
peak height of the DSC thermogram and other DSC measurements of semi-
crystalline polymers is between 5-10%. Table III-l shows an increase
in the Tg and Tm as the MW increased. Such a trend obeys the Fox-
Flory equation (7) which states that the Tg increases
*The temperature range of the Tm (180-195°C) was confirmed by
the polarizing microscope.
Sample it
129a
129b
131a
131b
\
i
i U'lh.';) 1 1*. m
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n
as the MW increases, until a plateau is reached when the number of
chain end groups become negligible, because of the decrease in free
volume as the concentration of chain ends decreases in polymers [35],
Figure III-7 also evidences the depolymerizat ion process as indicated
by a large endotherm starting at about 300°C.
NMR analysis
. In the GPC analysis related to the experiments carried
out with TiCl^ the existence of two reactive centers was indicated, an
ion-pair and a free ion, giving rise to a multimodal MWD. This obser-
vation suggests that in spite of the polar media in which the reaction
was run, a completely free-ion system is not present. If a true free-
ion system existed, the rate of propagation would be independent of the
nature of the counter-ion, and the polymerization reaction would yield
a product having a Schulz-Flory MWD.
Additional evidence for only a partially free ion mechanism is
obtained from investigation on the common-ion effect carried out by
varying the catalyst-salt ratio to alter the MW averages and the MWD.
Those alterations, however, did clearly substantiate the involvement
of ion-pairs in addition to free ions whose extent can only be specu-
lated on.
Table III-3 lists the observed and calculated triad values. The
data show again that highly syndiotactic polymers were obtained, as
previously found in the polymerization of a-raethylstyrene, and where the
sum of the probabilities, EP, were also close to unity. Such results
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TABLE III-3: Polymerization reactions expected to follow Bernoullian
statistics 3
Exptl.
it
Triads Propagation Probabilities
rr mr mm Pm/r Pr/m £P
121 obs
cal
0.84
0. 846
0.15
0.148
0.01
0.006
0.882 0.081 0.963
121 obs
cal
0.85
0.854
0.14
0.140
0.01
0.006
0.875 0.076 0.951
123 obs
cal
0.84
0.846
0.15
0.148
0.01
0.006
0.882 0.081 0.963
124 obs
cal
0.84
0.846
0.15
0.148
0.01
0.006
0.882 0.081 0.963
125 obs
cal
0.85
0.854
0.14
0.140
0.01
0.006
0.875 0.076 0.951
126 obs
cal
0.84
0.846
0.15
0. 148
0.01
0.006
0.882 0.081 0.963
127 obs
cal
0.84
0.846
0.15
0.148
0.01
0.006
0.882 0.081 0.963
128 obs
cal
0.85
0. 854
0.14
0.140
0.01
0.006
0.875 0.076 0.951
129 obs
cal
0.87
0. 876
0.12
0.119
0.01
0.004
0.857 0.064 0.921
130 obs
cal
0.87
0. 876
0.12
0. 119
0.01
0. 004
0.857 0.064 0.921
131 obs
cal
0.86
0. 865
0.13
0. 130
0.01
0.005
0.866 0.070 0.936
132 obs
cal
0.87
0.876
0.12
0.119
0.01
0.004
0.857 0.064 0.921
133 obs
cal
0.87
0.876
0.12
0.119
0.01
0.004
0.857 0.064 0.921
134 obs
cal
0.86
0.865
0.13
0.130
0.01
0.005
0.866 0.070 0.936
135 obs
cal
0.91
0.0904
0.09
0.093
0.00
0.002
1.000 0.049 1.049
136 obs
cal
0.92
0.915
0.08
0.083
0.00
0.002
1.000 0.043 1.043
Calculated from a 90 MHZ triad data.
suggest, as explained in Chapter I, that the propagation step was al-
most completely Bernoullian. This finding confirms the NMR data of
poly-a-methylstyrene and those obtained by Higashimura and Ohsumi from
the polymerization of vinyl monomers [16,22].
SnCl^ as catalyst gave a slightly higher syndiotactic content
than did TiCl^. Such a trend was already apparent in Chapter II.
There is a general principal which states that the higher the selec-
tivity the lower the reactivity [36], or, in other words, an increase
in the stability of an intermediate should produce an increase in
selectivity in its reactions [37].
Figure III-9 gives the NMR spectrum of poly-para-isopropyl-
a-methylstyrene. The chemical shift for the triads of the a-methyl
groups are 0.25, 0.57, and 0.90 ppm for the syndiotactic, heterotactic
and isotactic stereoregularities
,
respectively.
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CHAPTER IV
INVESTIGATIONS ON THE CATIONIC POLYMERIZATION OF
PARA-METHOXY-a-METHYLSTYRENE
Introduction
In the earlier investigations of poly-a-methylstyrene and poly-
para
-isopropyl-cx-methylstyrene it was indicated by GPC analysis that the
propagation by ion-pair reactions produces high MW polymers, whereas low
MW polymers resulted from a free ion chain-carrier. This unexpected con-
clusion was observed with TiCl^ and SnCl^, but both catalysts had their
own peculiarities. It was found that SnCl^ gave higher MW material than
TiCl^. It is not clear whether this distinction came from a difference
in electron deficiencies, which is well known for metal halides that
form fairly stable complexes with olefins [38], or whether two distinct
counter-ions of different stability resulting from self-ionization and
hydrate formation were responsible for the difference in MW between the
products obtained by TiCl^ and SnCl^. It was of interest to determine
whether these observations were carried along for monomers of higher
polarity also. For this new purpose p-methoxy-a-methy] styrene was chosen
to gain new information on the dependence of monomer structure and reac-
tion conditions on physical properties of the polymer.
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Experimental
Prepara tion of para-mct hoxy-g-methylstyrene
. In a dry, 1 liter, three
necked, round bottom flask equipped with a mechanical stirrer, closed
circuit addition funnel, a water cooled reflux condenser, and with an
argon atmosphere were placed 0.5 moles (12.15 g) of magnesium turnings
which were covered with 200 ml of anhydrous diethyl ether. The flask
was cooled in an ice bath and to it was added dropwise 0.5 moles (71 g)
of methyl iodide, diluted in 50 ml of ether, over 30 minutes. The
solution was then refluxed gently until no magnesium metal was visible
(about 3 hours). Following the Grignard reaction, the flask was cooled
again in an ice bath and 0.422 mole (67.00 g) of para-methoxy-acetophenone
dissolved in 100 ml of ether were added during 30 minutes. The solution
was refluxed for 2 hours, at continued stirring, time at which the hetone
absorption vanished in the IR spectrum. The reaction mixture was then
poured in 200 ml of ice-water with 50 ml of saturated aqueous ammonium
chloride. After shaking the two layers were separated. The aqueous
layer was extracted three times with ether and the extracts were added
to the organic layer, which subsequently was washed with water and dried
with anhydrous magnesium sulfate overnight. The mixture was then fil-
tered and the solvent evaporated. Fractional distillation under vacuum
produced instantaneous dehydration of the corresponding carbinol to
yield directly para-methoxy-a-methylstyrene . The purity was determined
by gas phase chromatography (yield 43 g, 58%) [39,40]. The synthesis
route for the preparation of para-methoxy-a-methylstyrene is shown below.
CH
3
I
Mg Ether
V
CH^Mgl
ether
10°C CH -0-(5)-C-CH
CH
3
-0-(o)-C-0-MgI
H
2
0
* CH.
_ 1
3
CH
3
-0-^0)-C-OH
ci
3
distillation
under vacuum
CH -0-(5}-C=CH
Reaction scheme for the synthesis of
para-methoxy-a-methylstyrene
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The purification of all other reagents necessary for the poly-
merization of £ara-methoxy-a-methylstyrene, the experimental procedures,
the reaction conditions (0.08 mole % of catalyst relative to monomer and
1.37 mole % of monomer relative to solvent), and the polymer characteriza-
tion were similar to those described in the Experimental section of
Chapter II.
Results and Discussion
The polymerization systems of a-methylstyrene and para- isopropyl-
ot-methylstyrene were homogenous reactions. Termination of the reactive
centers was instantaneously performed by adding methanol to the reaction
mixture. The termination process could usually be followed by observing
a change in color from an orange to a colorless solution in the case of
para-isopropyl-q-methylstyrene with TiCl^ and the appearance of a white
precipitate. For SnCl^ the slightly yellow reaction mixture changed to
a colorless solution after precipitation with the same monomer. The
reaction color varied with monomer, catalyst, and co-catalyst.
In this present investigation, with TiCl^, a deep red gel-like
solution was observed at the end of the reaction. After addition of
methanol, a purple color appeared which gradually disappeared with vigo-
rous shaking of the reaction flask for some time. Gel formation during
polymerization indicated the existence of crystalline polymer swollen in
a gel-like form because of the good solvent properties of methylene
chloride. The difficulty in neutralizing the carbenium ions can, there-
fore, be understood on the basis that the reactive endgroups were trapped
in the gel matrix making it difficult for the methanol molecules to
reach
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them. The formation of gel product, not seen in the two previous in-
vestigations, is apparently related to the ability of this monomer to
form crystalline polymers.
Yield analysis. Stannic chloride gave higher polymer yields than TiCl 4
'
as shown by data collected in Table IV-1. As mentioned before, the
reactants are not entirely free from moisture because Lewis acids-type
metal halide are difficult to obtain in an anhydrous state [41] and
because the polymerization reactions are carried out under argon and not
in a vacuum line. This point raises the question of the extent to which
water contributes to the reactivity of both catalysts, and subsequently
the effect it may have on polymer yield. SnCl^ forms a hydrate which is
probably involved in the initiation process, but it is not known whether
the presence of traces of moisture has an accelerating or inhibiting
effect on the initiation reaction with TiCl, as well as on the termina-
4
tion of the kinetic chain.
Under certain circumstances water has been considered to be part
of the initiation mechanism and termination was believed to take place
by hydroxyl group abstraction [1] as follows:
HO M
TiCl. TiCl.'H.O > HM TiCl. OH
4 4 2 4
In more recent work done at low temperatures on the a-methylstyrene-TiCl^
-CH
2
C1
2
system [42], however, water was not thought to take part in the
mechanism of reaction. It was demonstrated that water had very little
effect on the rate of polymerization of indene and on the MW of the cor-
responding polymer [43]. This result does support the postulate of
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Plesch [2] that under pure reaction conditions and adequate solvent
polarity the formation of TiCl
3
+
, as the initiating agent, occurs by
self-initiation of TiCl^ The GPC analysis of Poly-a-methylstyrene and
poly-para
-isopropyl-a-niethylstyrene in the previous chapters suggested
that TiCl
3
may be the initiator. Then, it is reasonable to exclude
water from the initiation step as well as from factors contributing to
the difference in yield between TiCl, and SnCl ,
.
4 4
It was also found that in the case of initiation by Lewis acids
the concentration of active species was low [44]. This observation led
to the conclusion that part of the catalyst is in an inactive form,
which was suggested to be a complex between monomer and catalyst. Sig-
walt [44] postulated that at low catalyst concentrations most of the cata
lyst could be a complex of the form TiCl^'XM, with M being the monomer
and X the number of monomer molecules present. Such a complex was found
to be inactive and, therefore, did not initiate the polymerization reac-
tion. When the catalyst concentration was increased, polymerization
occurred. The following scheme was proposed:
M M
TiCl, > TiCl. -M > TiCl. -M
4 4 4 2
M*
If ^
1
»k
2
the major part of TiCl^ would become inactive by com-
plex formation and only a small proportion would lead to active species.
Because of the low catalyst concentration used in the present investiga-
tion, it seems plausible that the complex formation had an important
contributing effect on the yield, and this suggestion could explain to
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some extent why SnCl
4
gave higher yields.
GPC analysis
.
The importance of ascertaining the mechanism of propagation
with this new monomer led to the use of GPC analysis. Tables IV-1 and
IV-2 list the polymerization reactions carried out with stannic chloride,
which yielded much higher MW polymers than those obtained with titanium
tetrachloride. This is a sharp distinction from previous investigations
where the MW difference of the polymers produced by the two catalysts
were not as pronounced.
Figures IV-1 through IV-4 show clearly the presence of a bimodal
MWD in the products. Poly-a-methylstyrene and poly-para-isopropyl-q-
methylstyrene gave multimodal MWD's in which the lower MW peak was
attributed to polymer growth by an ionic species, which was not in rapid
equilibrium. This present GPC analysis suggests that the methoxy group-
containing polymer endgroup had a faster equilibrium between two distinct
ionic species, which were responsible for two different MW. The presence
of a free ion and ion-pair is again suggested by the salt effect. The
lower MW peak decreased whenever co-initiator or trityl salt was added,
resulting in an increase of the MW.
The ion pair equilibria in Experiments 251 and 252 apparently
could not be moved far enough to the left to observe a single peak and
also a significant decrease in yield
,
as was observed in previous
identical reactions, presumably because of the complete suppression of
all ion-pairs involved
.
Figure III-2b shows that a relatively small amount of low MW
material was present in this polymer, and for all the reactions carried
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TABLE 1V-2
Common ion effect observed on the yield, molecular weight
averages, and molecular weight distribution of
poly-para-methoxy-a-methylstyrene
Expll
. // Catalyst-
-Cocatalyst Ratio % Yield M
n
M
w
M /M
W 11
191 3/3 TiCl.
4 91 5300 1 1 000 ? 1
254 2/3 TiCl,
4
+ l/3(TiCl
4
+TPMC) 92 10000JL v_7 \J \J \J 1 8000 1 ft
253 1/3 TiCl.
4
+ 2/3(TiCl
4
+TPMC) 79 13000
-L- .J \JW \J 24000 1 ft
251 3/3(TiCl
4
+ TPMC) 78 15000 32000 2 1
193 3/3(TiCl.
4
+ TBC) 92 12000 27000 2 2
255 ] /3(TiCl
4
+TBC) + 2/3(TiCl
4
+TPMC) 81 10000 22000 2 2
251 3/3(TiCl
.
4
+ TPMC) 78 15000 32000 2.1
201 3/3(SnCl
4
+ TBC) 98 65000 85000 1.3
256 2/3(SnCl.
4
+ TBC) 98 85000 100000 1.2
205 3/3(SnCl.
4
+ TPMC) 99 76000 110000 1.4
199 3/3 SnCl.
4
99 L50000 250000 1.9
257 2/3 SnCl,
4
+ J /3(SnCl.+TPMC)
4
99 70000 200000 2.9
205 3/3(SnCl, + TPMC) 99 76000 110000 1.4
Figure* I V - I (IPC distribution ol po]y-£ara-methoxy-a-
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out with TiCl
4
initiator, it represents the smallest amount of this
fraction. The GPC spectrum of Sample 251 could possibly, in part, be
ascribed to the self-ionization of a small portion of TiCl^ which sub-
sequently gave rise to free ion and ion-pair endgroups in the poly-
merization reaction.
Experiments 199, 201, 203, and 205 yielded significant results
in terms of the MWD. In the two previous investigations (Chapters II
and III) different MWD patterns were observed with the use of TBC and BC
co-catalysts. The question arising here is what mechanism produces such
a MWD? It is assumed that with TiCl
4
the chain-carriers are ions and it
was demonstrated that ion-pairs and free ions have appreciably different
reactivities
.
Plesch and coworkers reported [45] that the polymerization of
styrene with SnCl^ in methylene chloride at temperatures between 19 and
-19°C did not involve a carbenium ion, but instead the endgroup was an
ester that served as chain-carrier in solution by coordination with a
molecule of the monomer. These types of reactions were called "pseudo-
cationic" polymerization. They based their finding on spectroscopic
and conductivity measurements.
Plesch and Gandini also mentioned the importance of the reaction
color. They concluded that the absence of color as observed by Evans and
coworkers [46] in the dimerization of 1,1-diphenylethylene in benzene-
stannic chloride-water system provided the essential clue for the exis-
tence of pseudoc at ionic polymerizations . Pepper [47 ] explained that
pseudocationic polymerization reactions presumably occurred at tempera-
tures between 25 and -30°C and showed no visible color of the reaction
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system. At temperatures between
-6S -7ft°r *+ , ,i i-wee od and
-/a c it was observed that the
polymerization of stvrene with HC10
4
was a two-stage process, including
an initial very fast stage during which the reaction mixture was orange
in color (indicating the possible presence of a carbenium ion) followed
by a second stage of much slower rate which was presumably a pseudo-
cationic reaction because of the absence of color. However, it was also
found that under special conditions the same polymerization reactions
could be truly cationic. This could occur when the catalyst solution was
poured into the monomer solution in such a way that a transient high,
local concentration of catalyst was produced. Such a procedure was used
in the present investigation.
At the end of the reaction the color in Experiments 110 and 129
was slightly yellow and that in Experiment 199 red-orange, all of these
were carried out with SnCl^. However, it was difficult to tell the true
reaction color because the reaction flask was immersed in a dry-ice bath
and the reaction time to complete the polymerization was not known.
Nevertheless, it seems unlikely that the reaction was a pseudocationic
polymerization considering: (1) the experimental procedure utilized; (2)
the exceedingly slow reaction rates generally reported for this type of
polymerization mechanism at low temperature; (3) the literature evidence
of the polymerization of isobutene with stannic chloride and water in
ethyl chloride at -78°C to propagate by a free ion reaction [48]; and (4)
that Polton and coworkers suggested that the polymerization of indene
with SnCl^ in methylene chloride at -30°C to be ionic, although no
direct proof for such a hypothesis was offered [12].
The formation of a bimodal MWD in Sample 199 is not readily
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understood. This result was already observed with poiy-^-Uop^.
oc-methylstyrene, but no explanation could be given there either. It is
possible that such distributions come from the coexistence of pseudo-
cationic and cationic polymerirat-i on i-AM *.iHui raerizati reactions or, alternatively, could
come from a combination of an ion-pair and free ion reactions as sug-
gested for TiCV Unfortunately, no evidence to substantiate any of
these hypotheses is available.
Experiments 201 and 205 gave polymers of narrow MWD. The pre-
sence of only one peak suggests that only one chain-carrier was present.
In contrast, Experiments 203 and 199 gave polymers with bimodal MWD's.
This latter observation is fundamentally different from what was observed
in the investigation of a-methylsty rene and para-isopropyl-a-methylstyrene
where multimodal and bimodal MWD 1 s were apparent under similar reaction
conditions. It is reasonable to suggest that the high reactivity of the
present monomer is responsible for those changes since a high yield was
also obtained in Experiments 251 and 252. Low concentration of high MW
material in Figure IV-5b, in comparison with Figure IV-5a, could suggest
that the high MW polymer was obtained by a free ion reaction, since a
high MW peak is not present in Figure IV-5a. TBC and BC are known to
have different co-catalyst efficiencies and different salt effects as
well. Therefore, it would seem plausible to attribute the low MW frac-
tion to a reaction involving an ion-pair. This suggestion may seem con-
trary to what was observed in the investigation of the two previous
monomers
.
Figure IV-6 shows the salt effect on the SnCl^-TBC catalyst sys
tern. An increase in MW was observed. This same pattern was already

Figure I V-ft
.
(IPC d 1st r 1 but i on of po 1 y-p a ra -me t hoxy-q-
\\\e L liy 1 s ty rune obt a i ned by cli f 1 e rent
(SnC
I
,
-TBC)-sa It ratios.
evidenced previously and explained in terns of the suppresslon of ^
free ion through the salt effect. It was then concluded that the re-
maining polymer was made from an ion-n^r an A-pai endgroup. Because no bimodal
MWD was initially present t-ho fc jY , he question to be raised is whether samples
201, 256, and 205 were produced by an ion-pair endgroup also. It would
seem to be the case because the addition of salt shifted the reaction to
the left by decreasing the catalyst concentration and consequently in-
creasing the MW. If this is accepted as a valid explanation, it would
support the suggestion that the experiments in Figure IV-5 were also
carried out through a paired carbenium ion with the exception of Experi-
ment 199.
The difficulty in interpreting Figure IV-7 lies in the bimodal
MWD. It is of interest to notice, however, that the peaks for the low
MW polymers appeared at the same elution volume. This observation can
be an indication of a common chain-carrier in all three reactions. If
this suggestion is true, it supports again the hypothesis that the high
MW fraction was produced by a free carbenium ion in the SnCl
4
system,
which would indicate that the high MW fraction in Experiment 199 came
from a free ion also.
The values of the MWD of poly-para-methoxy-a-methylstyrene col-
lected in Table IV-1 represent the whole distribution. An attempt was
made to separate the distribution into a low and high MW polymer and to
estimate the MW averages and polydispersity of Samples 191, 203, and 251,
The estimate value given below, however, included errors expected to be
introduced during the approximation.
Figure IV- 7. <;PC distribution of poly-para-methoxy-a-
me thy 1st y re ne obta ined by different SnCi
sj It ratios
.
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Sample // Mn MW M /Mw
191a 15000 19000 1 9
192b 3400 5000 1 L
203a 420000 500000
-L « Sm
*- \J j \J i c\c\r\f\c\1OUUO0 120000 1.2
251a 29000 38000 1.3
251b 5300 7000 1.3
Thermal analysis. It was mentioned earlier that poly-para-methoxy-g-
methylstyrene formed a gel during polymerization. From that observation
it was concluded that crystallization most likely occurred, but because
of the good solvent properties of methylene chloride, the p roduct was
found in a swollen gel state instead of a solid crystalline state. It
was apparent, but with no quantitative proof, that the polymers obtained
by TiCl^ had a larger crystalline content than those obtained by SnCl^.
Since all polymers had identical stereoregularities , the difference in
crystallinities may have been due to their differences in MW as reported
in Table IV-1.
Figure IV- 8 shows the thermal analysis of the present polymer.
The Tg and Tm, as in the case of poly-para-isopropyl-ct-methylstyrene, were
very close. In the second run of the same sample the melting point did
not reappear, and the Tg was lowered by about 20°C. The WAXS of the same
sample is seen in Figure IV-9, which, with the polarizing microscope, con-
firms the existence of crystallinity in poly-para-methoxy-a-methylstyrene.
NMR analysis . The tacticities of the various samples of poly-para-
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methoxy-oc-methylstyrene are collected in Table IV-3, which shows the al-
most complete absence of any isotactic triad formation. The probability
calculations indicate that the propagation reactions followed Bernoulli
sequence distributions. Similar results were reported in earlier inves-
tigations (Chapters II and III) and other workers investigating cationic
polymerization systems found similar NMR data [49,50].
The NMR spectra of poly-_p_ara-methoxy-a-methylstyrene is shown
in Figure IV-10. The chemical shifts of the triad of the a-methyl group
are 0.25 and 0.34 ppm for syndiotactic and heterotactic triad tactici-
ties, respectively.
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TABLE IV-3
Polymerization reactions expected to follow Bernoullian statistics3
Expts. //
191
192
193
19';
196
197
199
201
203
obs
cal
obs
cal
obs
cal
obs
cal
obs
cal
obs
cal
obs
cal
obs
cal
obs
cal
r r
0.92
0.92
0.9]
0.92
0.91
0.92
0.91
0.92
0.91
0.92
0.91
0.92
0.92
0.92
0.90
0.90
0.90
0.90
Triads
mr
0.08
0.08
0.09
0.08
0.09
0.08
0.09
0.08
0.09
0.08
0.09
0.08
0.08
0.08
0.10
0.10
0.10
0.10
mm
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
Propagation Probabilities
Pm/r
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
Pr/m
0.04
0.04
0.04
0.04
0.04
0.04
0.04
0.05
0.05
EP
1.04
1.04
1.04
1.04
1.04
1.04
1.04
1.05
1.05
204 obs
cal
0.91
0.90
0.09
0.10
0.0
0.0
1.00 0.04 1.04
205 obs
cal
0.93
0.92
0.07
0.08
0.0
0.0
1.00 0.04 1.04
251
252
obs
cal
obs
cal
0.93
0.92
0.92
0.92
0.07
0.08
0.08
0.08
0.0
0.0
0.0
0.0
1.00
1.00
0.04
0.04
1.04
1.04
Calculated from a 90 MHz triad data.

CHAPTER V
INVESTIGATIONS ON THE CATIONIC POLYMERIZATION OF
PARA-FLUORO-a-METHYLSTYRENE
Introduction
The continuation of the systematic investigation of para-
substituted-a-methylstyrenes for the effect on MW, MWD, stereoregularity
,
thermal and crystalline properties, and for the mechanism of cationic
polymerization with different catalyst systems has included monomers
having fluoro, chloro, and bromo substituents, respectively, Isopropyl
and methoxy groups, both electron-donors, but of distinct polarity, were
the substituents in earlier investigations. A comparative study between
the MW and MWD of polymers obtained from monomers having substituents of
opposite electronic effect should thus become significant. The value of
MW and MWD should give information of the extent of chain transfer and/or
termination reactions having occurred in their respective polymerization
reactions
.
Experimental
Para-f luoro-a-methyls tyrene was purchased from Aldrich Chemical
Company
.
All experimental procedures and reaction conditions were similar
to those described in Chapter II.
91
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Results and Discussion
The variation of nucleophil icity from one monomer to another
through electron donating and withdrawing effects is of considerable im-
portance in interpreting the reaction mechanism in cationic polymeriza-
tion. So far para-methoxy-a-methylstyrene has been shown to give the
narrowest MWD. This monomer gave a polymer of relatively high crystal-
Unity and stereoregularity. The gel-like product present before termina
tion was suggested to come from crystallization during polymerization.
Tables V-l and V-2 list the characterization data of poly-para-
fluoro-a-methylstyrene.
Yield analysis
.
The yield data given in Table V-l indicate a sharp dis-
tinction between the effects of the two catalysts on the extent of poly-
merization. It was suggested in previous chapters that in the case of
TiCl, only a small portion of the catalyst was active enough to initiate
the reaction, while the other portion, in the form of a catalyst-monomer
complex, remained inactive. Since the catalyst was the sole parameter
varied it would seem reasonable to suggest that, in addition to the
relative catalyst activities of TiCl^ and SnCl^, the difference in yield
could also be related, in part, to the relative amounts of inactive com-
plex formed in both catalyst systems.
The effect of methylene chloride on the mechanism of poly-
merization has not been mentioned before. It can be thought that, be-
cause of its polarity, such a solvent may have some co-catalytic charac-
ter. A survey of polymerization reactions catalysed by TiCl^ in various
alkyl halide solvents [51,52,53,54] (including methylene chloride) did
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TABLE V-2
Common ion effect observed on the yield, molecular weight
averages and molecular weight distribution of
poly-p_ara-fluoro-a-methylstyrene
Exptl. // Catalyst-Salt Ratio % Yield M
n
M
W
M /M
w n
141 3/3 TiCl.
4 83 200000
6800
350000
9700
1.7
1.4
271 2/3 TiCl
4
+ l/3(TiCl
4
+TPMC) 79 200000
4800
330000
6200
1.6
1.3
272 1/3 TiCl
4
+ 2/3(TiCl
4
+TPMC) 3 38000 90000 2.3
273 3/3(TiCl
4
+ TPMC) 0
143 3/3(TiCl
4
+ TBC) 71 115000
4800
220000
6200
1.9
1.3
9 7/. 2/3(TiCl
4
+TBC) + l/3(TiCl
4
+TPMC) 80 160000
4900
280000
6700
1.8
1.4
275 l/3(TiCl
4
+TBC) + 2/3(TiCl
4
+TPMC) 3 28000 85000 3.1
273 3/3(TiCl + TPMC) 0
149 3/3 SnCl.
4 98 450000 620000 1.4
276 2/3 SnCl
4
+ l/3(SnCl
4
+TPMC) 98 350000 500000 1.4
277 1/3 SnCl. + 2/3(SnCl.+TPMC)
4 4
98 160000 340000 2.1
156 3/3(SnCl
4
+ TPMC) 97 470000 650000 1.4
151 3/3(SnCl
4
+ TBC) 97 34000 80000 2.4
278 2/3(SnCl.+TBC) + l/3(SnCl.+TPMC)
4 4
98 170000 210000 1.3
279 l/3(SnCl.+TBC) + 2/3(SnCl ,+TPMC)
4 4
99 260000 350000 1.3
156 3/3(SnCl
4
+ TPMC) 97 470000 650000 1.4
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not show any evidence of such a possibility. Colclough and Dainton [55,
56] also examined the possible co-catalytic activity of ethylene di-
chloride and isopropyl chloride towards SnCl^ They found an increase
in the reaction rate, and they concluded that for stannic chloride these
compounds were co-catalysts in non-polar media. In spite of the diffi-
culty of demonstrating more conclusively the presence of co-catalytic
activity in these systems, it seems clear, nevertheless, that there ex-
ists a difference in reactivity between TlCl^ and SnCl^ in alkyl halide
solvents
.
Table V-l does not show any co-catalyst effect of CH
2
C1
2
with
TiCl^ because no yield increase is observed with TBC and BC. The yields
resulting with SnCl^ alone and with the same co-catalysts at TiCl^ do not
give any information of CH
2
C1
2
having co-initiator character either be-
cause of the near completion of all reactions. Previous investigations,
where smaller amounts of polymers were found with SnCl^, do not indicate
CH
2
C1
2
to be part of the initiation process. Thus no new information can
be added to the earlier explanation that catalyst activity and complex
formation may be the major parameter influencing the extent of polymeri-
zation reactions
.
GPC analysis . Tables V-l and V-2 list the MW averages and MWD of poly-
para-f luoro-a-methylsty rene polymers and the reaction conditions by
which they were obtained. Their corresponding GPC spectra are shown in
Figures V-l through V-6.
Figure V-3 shows evidence for the first time of two well defined
MWD peaks for polymer fractions of distinctly different MW obtained by
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It was reported before that a bimodal MWD of this type clearly
indicated the coexistence of two chain-carriers, an ion-pair and a free
ion, in the propagation step.
The MW and MWD data given in Table V-l (Experiments 141, 143,
145, and 147) show the co-catalyst to be responsible for a decrease in
the MWD of the low MW poly.er, while broadening the MWD of the high MW
polymer occurred. How can this observation be interpreted in terms of
ion-pair endgroups? TBC and BC are known to have different salt effect
efficiencies for decreasing the free-ion concentration. According to
the mass action law, a shift to the left of the reaction equilibrium, as
illustrated by the ion pair spectrum shown in Chapter I, suggests that a
decrease in free ion concentration does simultaneously increase the ion-
pair concentration. This is suggested to be responsible for the broaden
ing of the MWD of the high MW polymer, while the MWD of the low MW poly-
mer decreased due to a decrease in free-ion endgroups.
In Experiments 143, 274, and 275 (Figure V-2)
,
by using the
trityl salt to cause a variation in the MWD, it was apparently possible
to gradually suppress the free ion and yield a polymer formed by one
chain-carrier only, in this case the ion-pair. This could confirm
earlier findings and demonstrate with reasonable certainty that the high
MW polymer is formed by an ion-pair. Experiments 141, 271, and 272
(Figure V-3) suggest a similar conclusion. These results also indicate
that TiCl^ is the common ion, which supports the hypothesis by Plesch
[2].
The polymerization reactions carried out with SnCl^ and the
trityl salt (Experiments 149 and 156) yielded very high MW polymers with
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a single peak MWD. In the investigation of a-methylstyrene the same
effects were observed, and because of the high yields obtained, which are
not usually observed with trityl salts, it was suggested that both reac-
tions had SnCl
4
0H- for the counter-ion and that the active center was an
ion-pair. From the near quantitative yield in Experiments 155 and 156
it is safe to postulate that Reactions 149 and 156 involve an identical
mechanistic path
.
In Figure V-5 changes brought about by the salt effect show un-
expected results: the MW decreased as SnCl
4
was replaced by the salt.
Because the concentration of SnCl
4
was lowered, it would be logical to
expect an increase in MW. These results contradict observations with
other monomers and may suggest an increase in catalyst concentration,
which does not seem plausible.
Samples 151 and 153 had a bimodal MWD (Figure V-4c and V-4d) and
much lower MWD's. Here SnCl^, with the use of co-catalysts TBC and BC,
can be assumed to form a salt having a SnCl^ anion. The nature of the
active center by which the low MW polymer is formed is depicted in
Figure V-6 , based on the salt effect. Experiments 151, 278, 279, and
156 suggest the suppression of the chain-carrier responsible for the low
MW polymer and by subsequent increase of the MW as more salt is added
these results again suggest the presence of an ion-pair and free ion at
the start of the propagation step.
A comparative analysis between all GPC data for previous mono-
mers investigated suggests clearly that the deactivation of the aromatic
ring by fluorine has a significant contribution on the MW and MWD.
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Thermal analysis. It was pynp^^ n i1 exPe cted that poly-£ara-substituted a-methyl-
styrenes would crystallize better than poly-a-methylstyrene if the chain
transfer reaction occurred at the para-position in the latter during the
polymerization to yield a branched polymer rather than a linear one.
The crystalline polymer found in poly-^ara-isopropyl-a-methyl styrene and
POly-£ara-methoxy-a-methyl8tyrene in comparison with Poly-a-methylstyrene
appeared to confirm that expectation. Poly-p^ra-f luoro-a-methylstyrene
,
however, showed only traces of c ry stal linity
, which could not be detected
by DSC (see Figure V-7) but was visible in the WAXS diagram (see Figure
V-8)
.
Table V-l shows that the MW average was very high in these poly-
mers relative to those found for poly-para
-isopropyl-q-methvlstyrene and
poly-£ara-methoxy-a-methylstyrene but the syndiotactic contents of poly-
para-f luoro-a-methylstyrene
,
when compared to that of poly-para-methoxy-
a-methylstyrene
,
was significantly lower. The latter is probably the
more important factor responsible for the much lower crystallinity of
this polymer.
The thermal transition apparent in Figure V-7 is assigned the
glass transition temperature. Its value of Tg was comparatively the
same throughout this investigation. The occurrence of thermal degrada-
tion at about 300°C is indicated by a large endotherm.
NMR analysis
. In a well detailed study on the steric course of propaga-
tion with vinyl monomers and Friedel-Craf ts catalysts, Kunitake and co-
workers [18] reported that high syndiotactic polymers are favored in
polar media whereas non-polar solvents increase isotacticity , but they
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found little variation in the steric structure by changing catalyst
system. Fro. that they concluded that the stereoregularity was mainly
dependent on the nature of solvation of the ion species. They also
postulated that the direction of the monomer attach at the growing
center was determined by the tightness of the ion-pair. Thus in polar
solvents where little or no interaction at all existed between the car-
benium ion and the anion endgroup, the incoming monomer was expected to
attach the front side of the reactive center to give a syndiotactic unit.
On the other hand, non-polar media produced tight ion-pairs where inter-
action between the growing chain and the counter-ion was more significant
and, consequently, because of larger steric hindrance, propagation by
back-side attach of the monomer was favored to yield an isotactic unit.
These two models of the steric course of propagation are illustrated
below
.
^front side
Ph
^back side
The formulation of the above scheme is based on the dielectric
constant of the reaction media only; that is, the larger the constant,
the more dissociated the ion-pair. However, it seems valid to extend
that scheme to electronic effects caused by the para-substituent on the
tightness of the ion-pair in terms of electron concentration at the ac-
tive chain end. Thus electron-donating groups are expected to minimize
the interaction by supplying electrons to increase dissociation or
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loosening up of the ion-pair, and electron-withdrawing groups are ex-
pected to have opposite effects, namely increasing the ion species in-
teraction consequently increasing isot act icity
. An analysis of all NMR
data of polymers made from monomers of different £ara-subst ituents
gathered so far substantiate the above postulate. Indeed, the polymers
made from para-methoxy-a-methylstyrene have the highest syndiotactic
content, whereas those made from para-fluoro-a-methylstyrene have the
lowest (see Table V-l)
.
The tacticities of poly-a-methylstyrene listed by Kunitake [8]
were obtained for both polar and non-polar solvents. Their propagation
probabilities, in almost all cases, were close to unity, suggesting
Bernoullian behavior. This is in agreement with the present NMR analysis
(see Table V-3)
,
which strongly suggests that, despite Bernoullian propa-
gation the counter-ion plays a role in the steric course. This is also
in agreement with the GPC analysis.
Figure V-9 gives the NMR spectrum of poly-p_ara-f luoro-a-methyl-
styrene. The chemical shifts of the triad of the a-methyl group are
0.39, 0.62, and 0.95 ppm for syndiotactic, heterotactic , and isotactic
triads, respectively.
1 1)9
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TABLE V-3
Polymerization reactions expected to follow
Bernoullian statistics 3
Expts. //
Triads Propagation Probability
rr mr mm Pm/ Pr/m
141 obs 0. 73 0.25 U
. oo 0.15 1.01
cal 0.74 0.24 0.02
142 obs 0. 74 0. 24 0 0? u oo 0.14 1.00
cal 0.74 0.24 0.02
143 obs 0.73 0
. 25 0 02 u • oo m i t; 1 . 01
cal 0.74 0.24 0.02
144 obs 0.74 0.24 0.02 \J . o u U. J 4 1
. UU
cal 0.74 0.24 0.02
145 obs 0.73 0.25 0.02 0 86 0 1 s 1 . Ul
cal 0.74 0.24 0.02
146 obs 0.73 0.25 0.02 0.86 0 15 1 01
cal 0.74 0.24 0.02
147 obs 0.75 0.23 0.02 0.85 0.13 0.98
cal 0.75 0.23 0.02
148 obs 0.75 0.23 0.02 0.85 0.13 0.98
cal 0.75 0.23 0.02
149 obs 0.83 0.15 0.02 0.79 0.08 0.86
cal 0.84 0.15 0.01
150 obs 0.82 0.16 0.02 0.80 0.09 0.89
cal 0.83 0.16 0.01
151 obs 0.83 0.15 0.02 0.79 0.08 0.86
cal 0.84 0.15 0.01
152 obs 0.83 0.15 0.02 0.79 0.08 0.86
cal 0.84 0.15 0.01
153 obs 0.80 0.18 0.02 0.82 0.10 0.92
cal 0.81 0.18 0.01
154 obs 0.81 0.17 0.02 0.81 0.09 0.90
cal 0.81 0.18 0.01
155 obs 0.88 0.11 0.01 0.85 0.06 0.91
cal 0.88 0.11 0.01
156 obs 0.88 0.11 0.01 0.85 0.06 0.91
cal 0.88 0.11 0.01
Calculated from a 90 MHz triad data
CHAPTER VI
INVESTIGATIONS ON THE CATIONIC POLYMERIZATION OF
PARA-CHLORO-q-METHYLSTYRENE
Introduction
The deactivation of the aromatic ring by a strong electronegative
para-substituent such as fluorine was found to influence greatly the MW
and MWD of the resulting polymers in the present investigation. Indeed,
para
-fluoro-q-methylstyrene yielded polymers of high MW and narrow MWD
relative to those made from unsubst ituted- and para-substituted q-methyl-
styrene monomers investigated thus far. The effect on tacticity was also
observed to be significant by decreasing the syndiotactic placement
during propagation.
Considering the above results, it was of interest, therefore, to
investigate para
-chloro-q-methylstyrene in the next stage of this com-
parative study, chlorine being less electronegative than fluorine.
Experimental
Para-chloro-a-methylstyrene was purchased from Aldrich Chemical
Company
.
The polymerization procedures, isolation of the polymers, and
their characterization were as those described in Chapter II.
112
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Results and Discussion
Yield analysis
.
In previous discussions (see Yield sections in Chapters
I-IV) on the parameters affecting the extent of reaction, indications
were that the difference in yields between different catalyst systems,
with regard to the experimental conditions used in this investigation,
most likely came from several different factors, including: (1) catalytic
activities (or Lewis acid strength); (2) the sensitivities of the cata-
lysts towards nucleophilic impurities; and (3) the relative tendencies
for catalyst-monomer complex formation leaving part of the catalyst in-
active. The polymer yields obtained with para-chloro-a-methylstvrene
collected in Table VI-1 do confirm the earlier data, namely, that SnCl^
gave higher yields than TiCl^.
Experiments 263 and 2631 did not yield any polymer product, a
result already reported in preceding Chapters when polymerizations were
carried out with TiCl. + TPMC. The lack of products was earlier at-
tributed to the suppression of both ion carriers, the ion-pair and the
free ion. The rate of propagation in Reactions 175 and 176 was reduced
with para-chloro-a-methylstyrene, which gave only a 16% yield after 5
minutes, compared to para-fluoro-ot-methylstyrene, which gave an almost
quantitative yield (Experiments 155 and 156) with the same catalyst
system.
GPC analysis . The MW averages of poly-para-chloro-a-methylstyrene as a
function of reaction conditions are given in Tables VI-1 and VI-2. The
GPC distributions of the polymers in these tables are shown in Figures
VI-1 through VI-6. Para-chloro-a-methylstyrene with TiCl 4
gave polymers
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TABLE VT-2
Common ion effect observed on the yield, molecular weightaverages and molecular weight distribution of
poly-£ara-chloro-a-methylstyrene
Exptl. // Catalyst-Salt Ratio % Yield M
n
M
w
M /M
161 3/3 TiCl
4 90 115000
ZoUU
250000
3200
w n
2.2
1.1
261 2/3 TiCl^ + l/3(TiCl,+TPMC) 91 300000
J JUL)
500000
3600
1.7
1.1
262 1/3 TiCl. + 2/3(TiCl +TPMC) u
263 3/3(TiCl. + TPMC) n
163 3/3(TiCl. + TBC) 90 72000
2400
J. / UUUU
2900
I . J
264 2/3(TiCl
4
+TBC) + l/3(TiCl
4
+TPMC) 91 230000
3300
440000
J uuu
1.9
265 1/ 3(TiCl ,+TBC) + 2/3(TiCl / +TPMC) 0
263 3/3 (TiCl . + TPMC) 0
169 3/3 SnCl. 92 420000 600000 1.4
266 2/3 SnCl, + l/3(SnCl, + TPMC) 99 480000 670000 1.4
267 1/3 SnCl
A
+ 2/3(SnCl
4
+ TPMC) 96 560000 760000 1.4
175 3/3(SnCl
4
+ TPMC) 16 240000 400000 1.7
171 3/3(SnCl
4
+ TBC) 98 45000 60000 1.3
268 2/3(SnCl
4
+TBC) + l/3(SnCl
4
+TPMC) 98 130000 160000 1.2
269 l/3(SnCl.+TBC) + 2/3 (SnCl .+TPMC) 99 200000 250000 1.2
175 3/3(SnCl
4
+ TPMC) 16 240000 400000 1.7
i
1 1 1 r
JO 16 42 48 54
i
cm
V L-guro V I - I UPC d is t r i but i on of puly-para-rh.l oro-u-
nu'L hy Isty rune obt a i ned by TiCI , wit h
(i i i Ceren t co-cata I ysts
,
Figure V 1-2. GPC dist ri but Ion of poly-para-ch loro-u-
methy J si yrene obtained by di f ferent
TiCl , -sa 1 L ratios.
264
3 b
T
—
36
—
r
42
—
i-
48
t
54
cm
UPC distribution of poly-para
-chloro
me thy Is ty rune obtained by different
( TiCI ,-TliO-salt ratios.

121
Figure VI-'). (IPC dist ribution ol poly-para-chloro-u-
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of lower MW and broader MW1) than para-f luoro-a-methylstyrene with the
same catalyst. A similar trend between these two monomers is also ob-
served with SnC]
.
.
4
The bimodal MWD in Figure VI-1 is of particular interest. Com-
parison of the GFC data of the preceding investigation with the present
one indicates a shift of the reaction equilibrium towards the left took
Place as indicated in Equation 1. This is apparent in Figure VI-1, which
R
+
X" 5F=* R
+
+ X" (1)
indicates that the reaction product may have been formed almost exclu-
sively by an ion-pair reaction. A consequence of such a shift between
the ion-pair and the free ion toward the former apparently resulted in a
broadening of the MWD of the high molecular weight fraction, but the
opposite effect was observed for the low MW fraction.
In the GPC characterization of poly-para-f luoro-a-methylstyrene
both polymers of low and high MW were made in about equal amounts which
may reflect the relative concentrations of two different chain-carriers.
Thus, the variation of the equilibrium constant may be a direct function
of the difference in electron-withdrawing capability between chlorine and
fluorine.
Investigation of the common ion effect described in Table VI-2
shows an increase in MW and a narrowing of the MWD for both low and high
MW polymers (Experiments 161 and 261; 163 and 264). This result suggests
that two different reaction equilibria may have shifted simultaneously,
one between the neutral substrate and the ion-pair and the other between
the ion-pair and the free ion, as shown in Equation (2). If so, this
124
RX R
+
X R
+
+ X (2 )
result would be an interesting feature of the mechanism involved here,
not seen in earlier characterizations.
The polymerization reactions of a-methylstyrene
, as well as
of the monomers having isopropyl and methoxy para groups, carried out
with TiCl
4
alone yielded polymers of lower MW than when the same catalyst
was used with TBC and BC as cocatalysts. With monomers possessing
fluorine and chlorine subst ituents , an inverse effect seemed to have
taken place: the polymerization reactions yielded polymers of higher MW
with TiCl^ alone. Although GPC analysis supports in all cases the con-
cept of self-ionization of TiCl^ to form the TiCl
5
" counter-ions [2],
the present result may suggest that a new factor played a role in the
control of MW which was associated with the presence of electron-with-
drawing groups.
It is important to point out
,
however, that the first three in-
vestigations did not give well defined GPC distributions, and the at-
tempts made to calculate the relative amounts of each fraction did
probably introduce large errors in the final results because of the
severe peak overlap observed. Hence, to understand better the effect of
the variation of the reaction equilibria on the MW and MWD as a function
of the type of pair endgroups, the GPC data for polymers having fluoro
or chloro para-subs t ituents should be taken.
The polymerization reactions of the chloro monomer carried out
solely with SnCl^ alone gave a very high MW polymer. This result is a
typical feature of SnCl, catalysis seen throughout this investigation,
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except in the case of the polymeri Zation of para-isopropyl-a-methyl-
styrene, where the MW increased with the addition of a co-catalyst.
This result suggests that the stability of the presold SnCl^ counter-
ion was greater than that of TiCl
5
~.
Co-catalyst (Experiments 171 and 173) were found to lower dras-
tically the MW with T1C1
5
- catalyst. In contrast, in Experiments 175
and 176 the MW increased with time, which is a characteristic of a
"living polymer polymerization." The importance of such a reaction
possessing a living character could be considerable, particularly in
carbenium ion polymerization, and an investigation of this reaction is
strongly suggested.
The results from the salt effect investigations with this mono-
mer conform to those obtained in earlier Chapters. Experiments 169, 266,
267 produced an increase in MW and a slight decrease in MWD. This is
suggested to come from a decrease in the concentration of SnCl as it was
4
gradually replaced by the trityl salt. SnCl. yielding the SnCl.OH"
counter-ion and the salt the TiCl
5
~ species no salt effect should be
observed. Experiments 171, 268, and 269 give evidence of an increase
in MW. The common ion effect was apparently applicable in this system
because SnCl^ with both TBC and TPMC yielded common counter-ions and the
increase in MW can be explained as previously discussed, by a decrease
of the ion-pair concentration.
Again, it may be asked what kind of ionic species was present
during the propagation. As indicated by the GPC analysis of poly-para-
f luoro-a-methy lstyrene , the active species was most likely an ion-pair
since it was demonstrated that the low MW fraction vanished as salt was
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added, which led to the conclusion that the low MW fraction was formed
by a free-ion endgroup. I n the present study> although ^ bimodai ^
was observed even though a salt effect was apparent, the hypothesis of
a single ion-pair endgroup is still valid.
Thermal analysis
.
The DSC thermogram of poly-.£ara.chloro-a-methylStyrene
is shown in Figure VI-7. The transition observed is a glass transition
temperature at 213°C, and thermal degradation begins at about 290°C, but
there is no evidence of a melting transition below that temperature.
However, because of the high Tg it is possible that degredations occurred
before the Tm was reached. Indeed, variations in the slope of the endo-
therm are apparent in Figure VI-7 around 300°C but there is no evidence
of the cause of these variations. The polarizing microscope showed light
transmission before extinction at about the same temperature, and the
WAXS spectrum in Figure VI-8 indicates traces of crystalline material.
NMR analysis
.
The NMR data for poly-para
-chloro-a-methylstvrene are
given in Tables VI-1 and VI-2. The data follow that expected for a
Bernoullian sequence distribution. Ohsumi and coworkers, in their in-
vestigation on the penultimate effect in the stereospecif ic polymeriza-
tion by ionic mechanisms, found that in ot-methylstyrene there was no
penultimate effect [50]. This result is in agreement with all the NMR
studies done thus far in the present inveatigations
.
It is interesting to note that a higher syndiotacticity was ob-
tained compared to that for poly-para-fluoro-a-methylstyrene , which sug-
gests a more free ion character for the active species, possibly due to
a lesser electron-withdrawing effect of chlorine than fluorine.
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The NMK spectra „f poly-jara-chloro-a-methyUtyrene 1. shown in
Fi«u„ vl-9. The cheffllcal ,hlf£8 for the trlad of the a.methyi group
0-30, 0.52, and 0.83 „„„, for syndiotact ic
, heterotactic, and isotactic
t riads
,
respec t ively
.
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TABLE VI-3
Polymerization reactions expected to follow
Bernoullian statistics 3
Expts. //
Triads Propagation Probability
rr rm mm Pm/r Pr/ ni IP
161 obs 0.85 0.14 0.01 0.87 0.08 0 95
cal 0.85 0.14 0.01
162 obs 0.85 0.14 0.01 0.87 0.08 0.95
cal 0.85 0.14 0.01
163 obs 0.85 0.14 0.01 0.87 0.08 0.95
cal 0.85 0.14 0.01
164 obs 0.85 0.14 0.01 0.87 0.08 0.95
cal 0.85 0.14 0.01
165 obs 0.84 0.15 0.01 0.88 0.08 0.96
cal 0.83 0.16 0.01
166 obs 0.84 0.15 0.01 0.88 0.08 0.96
cal 0.83 0.16 0.01
167 obs 0.86 0.13 0.01 0.87 0.07 0.94
cal 0.86 0.13 0.01
168 obs 0.87 0.12 0.01 0.86 0.06 0.92
cal 0.88 0.11 0.01
169 obs 0.88 0.11 0.01 0.85 0.06 0.91
cal 0.88 0.11 0.01
170 obs 0.87 0.12 0.01 0.86 0.06 0.92
cal 0.88 0.11 0.01
171 obs 0.87 0.11 0.01 0.86 0.06 0.92
cal 0.88 0.11 0.01
172 obs 0.88 0.11 0.01 0.85 0.06 0.91
cal 0.88 0.11 0.01
173 obs 0.87 0.12 0.01 0.86 0.06 0.92
cal 0.88 0.11 0.01
174 obs 0.87 0.12 0.01 0.86 0.06 0.92
cal 0.88 0.11 0.01
176 obs 0.92 0.08 0.0 1.00 0.04 1.04
cal 0.92 0.08 0.0
Calculated from a 90 MHz triad data.
CHAPTER VII
INVESTIGATIONS ON THE CATIONIC POLYMERIZATION OF PARA-
BROMO-a-METHYLSTYRENE
Introduction
Fluoro and chloro substituents in the para-position of a-methyl
styrene monomers have been shown to increase the MW of their correspond
ing polymers when compared to the isopropyl and methoxy para-
substituted monomers. Poly-£ara- f luoro-a-methylstyrene was found to be
less crystalline than poly-^ara-chloro-a-methylstyrene
,
although the
amount of crystalline material was small in both cases and the differ-
ence observed could be attributed to differences in stereoregularity
.
DSC measurements showed poly-para-chloro-a-methylstyrene to have a high
glass transition temperature. From these observations it was apparent
that the polymerization of para-bromo-q-methylstyrene should be in-
vestigated in the hope of finding a quantitative interpretation to
these observations.
Experimental
Para-bromo-q-methylstyrene was provided by Dr. L.E. Westfelt
of the Swedish Forest Products Institute. The polymerization and
characterization procedures, as well as reaction conditions, were
identical to those described in earlier Chapters.
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Yield analysis
.
The experimental data for poly-^-bromo-a-methyl-
styrene are listed in Table VI1I-1. P^ra-bromo-a-methylstyrene was
shown to give high yields with both TiCl^ and SnCl
4
catalyst systems
with the exception of Experiment 118, which produced a low yield, and
in Experiment 189 in which no product was obtained. Similar results
were already discussed in Chapter II.
GPC analysis
.
The GPC analyses of poly-para-fluoro-a-methylstyrene
and poly-p^ra-chloro-a-methylstyrene demonstrated that the reaction
mechanism involved in their formation produced simultaneously two
polymers of distinctly different MW resulting in a bimodal MWD. Their
respective mechanisms, however, presumably followed different paths
due to the para-subs tituents differing in their abilities to withdraw
electrons from the reaction center. As a consequence, the polymeri-
zation of para-fluoro-a-methylstyrene yielded a low and high MW polymer
of about equal amount, whereas the polymerization of para-chloro-q-
methylstyrene gave almost entirely high MW material. In this context
the polymerization of para-bromo-a-methylstyrene was of special impor-
tance to see whether the shift along the ion-pair spectrum would con-
tinue to go further to the left, to yield a polymer obtained completely
by an ion-pair, as the electronegativity of the para-subs tituent in-
creased.
In Table VII-1 are collected the MW and MWD data for poly-
para-bromo-ot-methylstyrene and Figures VII-1 and VII-2 give their
corresponding GPC distributions. A comparative analysis of all poly-
I >4
Fi guru V I I - I . (IPC d is t r i but ton of poly-para-bromo-a-
methy lsty rcne obtained by TiCl, with
d i i fere at co-cat a ly st s
.
Klgu rt> V 1 [-2 . (H'C ill at r ibuc ion of po I y-pa ra-b romo-a-
me thy I sty rent* obi a ined by SnC 1
^
wi t h
d i t ferent co-rat i lysis.
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merization reactions which involved TiCl
4
(see Figure 1 in each of the
two previous Chapters for GPC analyses) indicate that the reaction
equilibrium in the polymerization of £ara-bromo-a-methylstyrene was
in between the equilibria for the formation of poly-para-f luoro-ct-
methylstyrene and poly-para-chloro-a-methylstyrene. All three in-
vestigations showed a well defined bimodal MWD, although the MW of
the polymers differed and the reaction equilibrium in the present
investigation seemed to have shifted to the right rather than to the
left as was anticipated from MW data.
Experiments 181 and 184 may be considered identical as the MW
and MWD of their reaction products were of the same order of magnitude.
This result suggests that in both reactions TiCl,.
-
was the counter-ion.
The variations in MW when TBC and BC co-catalysts were used (Experiments
182 and 183) may have resulted from differences in co-catalyst effi-
ciencies and salt effects producing a variation of the relative ion-pair
concentration. Thus on the basis of the GPC analysis the coexistence
of an ion-pair and free ion in polymerization reactions involving TiCl^
in the presence of the TiCl,. counter-ion has been well demonstrated [2]
The polymerization carried out solely by SnCl^ resulted in a
relatively high MW product. This result is characteristic of this type
of reaction, which is postulated to involve SnCl^OH (see the GPC
analysis section in Chapter II). The use of TBC and BC in Experiments
186 and 187, respectively, resulted in a MW decrease and a narrowing
of the MWD. This feature was observed previously but could not be
explained. Reaction 188 gives some indication of living character in
that an increase in the MW with conversion was observed.
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It should be noted that poly-£ara-bromo-a-methylstyrene
obtained by different SnCl^ catalyst systems gave the narrowest MWD
in comparison with poly-para-chloro-q-methylstyrene and poly-para-
fluoro-a-methylstyrene. This result can most likely be attributed to
a lesser extent of chain transfer reactions. Finally, with regard
to Experiments 151 and 152 in Chapter V, it can be suggested, with
some confidence, that this type of reaction involved an ion-pair also.
Thermal analysis. It was observed by DSC analysis (Figure VII-3) that
poly-p_a_ra-bromo-a-methylstyrene had a very high glass transition tem-
perature. The gradual increase of the Tg (see thermal analysis sections
in Chapters V and VI) as the para-substituent changed from fluorine
to chlorine to bromine in the same order as their Van der Waals radii.
The polymer containing the fluorine substituent, which has the smallest
atomic radius, had a Tg at about 188°C, the one having bromine as the
para-substituent , the largest atomic radius, had a Tg of 266°C. Such
an increase related to the bulkiness of the substituent group repre-
sents an increase in the potential energy barrier. The larger the side
group, the greater the interaction with neighboring atoms, thus hinder-
ing rotation and consequently increasing the rotational energy level
[57].
No melting transition could be seen by DSC measurements or with
a polarizing microscope. WAXS supported both analyses by giving a
spectrum characteristic of amorphous material (Figure VII-4).
NMR analysis . The tacticities of Doly-para-bromo-a-methylstyrene samples
prepared are collected in Table VII-2. The propagation step with TiCl 4
i iy
00
r j
>
—
t
E
0)
CM
c
(0
rH
>^
x:
CM
CN
u
o
p
U
CO
B
QJ
H
e
i
i
o
E
c
I*
I
fO
't~t
CO
Q-l
I
>.
o
CL
cm
01)
O
QJ
I
1-4
60
•H
140
/
141
TABLE VII-2
Polymerization Reactions Expected to Follow
Bernoullian Statistics3
Triads Propagation Probability
Expt. // rr mr mm Pm/r Pr/m EP
181 obs
cal
0.81
0.82
0.17
0.17
0.02
0.01
0.80 0.09 0.89
182 obs
cal
0.80
0.81
0.18
0.18
0.02
0.01
0.82 0.10 0.92
183 obs
cal
0.80
0.81
0.18
0.18
0.02
0.01
0.82 0.10 0.92
184 obs
cal
0.83
0.84
0.15
0.15
0.02
0.01
0.79 0.08 0.87
185 obs
cal
0.88
0.88
0. 11
0.11
0.01
0.01
0.85 0.06 0.91
186 obs
cal
0.88
0.88
0.11
0.11
0.01
0.01
0.85 0.06 0.91
187 obs
cal
0.89
0.90
0.10
0.10
0.01
0.00
0.83 0.05 0.88
188 obs
cal
0.90
0.90
0.09
0.10
0.01
0.00
0.81 0.05 0.86
Calculated from a 90 MHz triad data.
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and SnCl
4
catalyst systems followed closely Bernoullian statistics
which is in agreement with both the literature and previous NMR
analyses (see preceding chapters).
The NMR spectrum of the polymer is shown in Figure VII-5. The
chemical shifts for the triad of the a-methyl group are 0.20, 0.42, and
0.92 for syndiotactic, heterotactic
, and isotactic triads, respectively.
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CHAPTER VIII
INVESTIGATIONS ON LIVING POLYMERS
Introduction
Until recently attempts to find catalyst systems free of ter-
mination in cationic polymerization of vinyl monomers have failed
[58,59,60]. Failure has been attributed to the difficulty in forming
carbenium ions of adequate stability to prevent termination and/or
chain transfers to counter-ion and to polymer. However, systems where
termination reactions were less pronounced have been found for both
isobutyl vinyl ethers and para-methoxystyrene [61,62], but transfer
reactions still took place with these monomers so that a true living
polymer system has not been found as in the case of anionic polymeri-
zation reactions [63]
.
In recent work by Higashimura and Kishiro major progress
toward long-lived propagating species in cationic polymerization with
vinyl monomers was reported [64]. They polymerized para-methoxystyrene
with iodine in carbon tetrachloride at 0°C and found that the MW in-
creased with conversion and with additional monomer. On the basis of
their findings they postulated the long-lived chain carrier to be an
ion-pair and the short-lived one to be a free ion.
In the course of this present investigation on the polymeriza-
tion mechanism of para-subs tituted-a-me thy Istyrenes and a-methylstyrene
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itself (see Chapters II-VII) evidence has been given that several of
the polymerization reactions may have had some similarities with
living polymer systems. In one case, the results were attributed to
electron-donating effects enhancing the stability of the carbenium
ion and in the other, to a reduction of possible internal Friedel-
Crafts transfer or termination reactions because of a deactivation of
the phenyl ring by electron-withdrawing substituent.
Thus in the hope of gaining more information about the exact
mechanism it was proposed to reexamine the reactions which gave polymers
of unimodal and narrow MWD and were found to increase in MW with con-
version. For this purpose Reactions 115, 175, and 233 were chosen.
Experimental
All purification and polymerization procedures were identical
to those described in Chapter II. The reaction conditions were 0.08 mole
% of catalyst relative to monomer and 1. 37 mole % of monomer relative to
solvent in all cases.
Results and Discussion
Polymerization of a-methylstyrene by triphenylmethylstaimic penta-
chloride salt . It was reported in Chapter II that a-methylstyrene
polymerized with triphenylmethylstannic pentachloride salt, which was
prepared jLn situ because of its high hygroscopic character, gave
only a very low yield of polymer from a-methylstyrene after 5 minutes.
Longer reaction times resulted in an increase in MW and a decrease in
MWD, which are trends typical of living polymer polymerization reactions.
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Additional evidence for living polymer character was that a decrease
in SnCl
4
concentration resulted in increase in MW with narrowing of
the MWD, features not seen in non-living polymer reaction systems.
Table VIII-1 contains results on the extension of Experiment
115 in which attention was focused only on the variation of the yield,
MW averages and MWD with time. The results show the difficulty en-
countered in reproducing the Experimental data when compared with those
in Chapter II (Experiments 115 and 116). It should be pointed out that
new catalyst solutions were used for the investigation on living poly-
mers. Although ample precaution was taken to reproduce identical cata-
lyst solutions as used in previous investigations, it is possible that
the catalyst concentration or reaction conditions differed. An inspec-
tion of the data in Table VIII-1 and Figure VIII-1 clearly shows an
increase in MW during the early stages of the polymerization reaction
followed by a levelling off of this property along with a gradual de-
crease in the MWD. The high probability of Friedel-Craf ts alkylation
reactions of the ortho and para positions of the phenyl ring by the
carbenium ion endgroup in competition with addition to monomer has been
suggested to be the major problem precluding a true living polymeriza-
tion system [60]. It is possible, however, that a form of living poly-
mer character existed except that the chain propagation reaction was
intermittent, not continuous, as was explained by Pepper and coworkers
in the polymerization of styrene by perchloric acid [65].
Polymerization of para-isopropy 1-ot-methy lstyrene by [1/3 TiCl A +
2/3(TiCl Z
f
+ TPMC) ] . In Chapter III It was demonstrated during the
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Figure VIM Relationship between MrI Mw , and % yield of
poly-u-methy lstyrene as a function of time
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TABLE VIII-1
Experimental Data of poly-a-methy lsty rene
, poly-para-tsopropyl-
a-methylstyrene and poly-para-chloro-a-methylstyrene
Reaction
Catalyst Time %
Expt. // Monomer System in minutes Yield M M M /M
—
—
.
n w w n
301 a-MS SnCl
4
+TPMC 5 16 190000 429000 2.25
302
"
" " 10 32 215000 464000 2.16
303 "
" " 15 40 221000 469000 2.11
304 "
" " 20 51 216000 445000 2.08
115 "59 150000 330000 2.22
11 6 "
" " 60 56 290000 480000 1.65
311 P-iP-aMS
2/\{l±^Qc) 10 6 5200 7100 1.37
312 " " " 20 16 9700 13000 1.44
313 " " 11 30 27 12500 17600 1.41
314 " " " 40 28 12800 18000 1.40
233 " " " 5 16 13000 14000 1.20
321 PCl-aMS SnCl,+TPMC 10 6 142000 287000 2.02
4
322 " " " 20 15 268000 542000 2.02
323 " " " 30 33 345000 647000 1.88
324 " " " 40 66 424000 763000 1.79
175 " " 30 16 240000 400000 1.67
176 " ' »« 60 50 360000 620000 1.73
rear t i on t i mt*s
.
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investigation of the common ion effect that two catalyst systems
[1/3 TiCl
4 + 2/3(TiCl A + TPMC)] and [l/3(TiCl 4 + TBC) + 2/3(TiCl +
TPMC)] gave very narrow MWD, which were unusual in cationic polymeriza-
tion. The similarities between the GPC distributions of the polymers
obtained by each inplied that TiCl^ was the common ion and that both
reactions involved an ion-pair endgroup. In both reactions it was pos-
sible to suppress the free ion responsible for the low MW to yield a
unimodal MWD and to decrease the rate of polymerization, through the
mass action law, both of which indicated also that the polymerization
was initiated by an ion-pair. The importance of these findings sug-
gested, therefore, that it was important to study in more detail the
relationship between the yield and the MW of the resulting polymers as
a function of time. The reaction conditions of Experiment 233 were
chosen for that purpose.
The investigations on the formation of a possible living polymer
of 2Ma-isopropyl-a-methylstyrene by [1/3 TiCl
4
+ 2/3(TiCl
4
+ TPMC)] led
to the Experimental data collected in Table VIII-1. Figure VIII-4
shows the GPC distributions for the poly-para
-isopropyl-ct-methylstyrene
samples of Table VIII-1. These results indicate the difficulty in ob-
taining the same catalyst-salt ratio for different polymerization
reactions, and the sensitivity of these reactions to the mass action
law. Figure VIII-3 shows that the MW averages increased almost linearly
with increase in yield, which suggests that a living polymer system was
present
.
This finding is very different from that observed with a-methyl-
styrene itself in which the increase in MW stopped at about 35%
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% Yield
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conversion. The interpretation of such differences is most likely
related to the electron-donating character of isopropyl and the
stability of the carbenium ion.
Vinyl monomers with electron-donating substituents are known to
be more favorable to cationic polymerization by increasing the rate of
reaction while those with electron-withdrawing substituents tend to
favor anionic polymerization, both cases reflecting the reactivity of
the double bond in the monomer [66]. But more important than this
characteristic is the reactivity of the propagating species [67]. Thus
on the basis of the effect of the para-substituent
, it is clear that
the isopropyl group contributed more to the nucleophilicity of the
monomer as well as to the stability of the carbenium ion of the
propagating species than the proton in a-methylstyrene.
Polymerization of para-chloro-ct-methylstyrene by triphenylmethylstannic
pentachloride salt
. The polymerization of para-chloro-a-methylstyrene
(see Chapter VI) by (SnCl^ + TPMC) gave some indication of the possible
presence of a living polymer polymerization reaction. Indeed, an in-
crease in MW was observed with increasing conversion while the MWD
remained about constant. A reexamination of the same reaction gave the
yield and GPC data collected in Table VIII-1. From these results,
there was again evidence for an increase in MW with increasing conver-
sion, but this time a gradual decrease in MWD was apparent. The narrow-
ing of the MWD observed in the two previous investigations on possible
living polymers followed the same pattern, and this is to be expected
in living polymer systems as the average degree of polymerization
154
increases, as indicated in Equation (1) for the relationship between
heterogeneity index and degree of polymerization [68],
M
«n (x+l> 2
(1)
x being the number of monomer molecules having reacted per polymer
molecule. Figure VII1-5 gives a plot of the MW averages as a function
of yield. The results indicate the existence of a first stage in which
the MW increased rapidly, followed by a second stage representing a
slower increase in MW with conversion. Figure VIII-6 shows the GPC
distributions of poly-para
-chloro-q-methylstyrene
.
Conclusion
The results gathered from this present investigation on the
possible existence of living carbenium ions in the polymerization of
ot-methylstyrene, para
-isopropyl-a-methylstyrene , and para-chloro-a-
methylstyrene failed completely to obey the required characteristics
of a true living system, which are [3]:
(a) rate of termination = 0
(b) rate of transfer = 0.
The comparative polymerization behaviors of the three monomers
with para-substituents having different electron donating or withdraw-
ing effects has demonstrated the importance of such effects in achieving
polymerization reaction systems free of termination. Para-isopropyl-
a-methylstyrene was found to be the most appropriate monomer for such a
system. Indeed, an increase in the stability of the carbenium ion due
155
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to the electron-donating effect of the isopropyl group made it possible
to reduce chain transfer reaction and to obtain an almost linear in-
crease in MW with conversion. On the other hand, the £ara-chloro sub-
stituent, having an opposite effect of carbenium ion reactivity, tended
to destabilize the ionic species, which thus became more susceptible to
side reactions, complicating propagation and introducing transfer. In
the case of a-me thy lstyrene considerable transfer to the polymer was
expected to occur at the para-position of the phenyl ring preventing
the formation of a true living polymer system. The effect of the para-
substituent on the MW is well evidenced in Figures VIII-2, VIII-4, and
VIII-6.
CHAPTER IX
COMPARATIVE STUDY BETWEEN CATIONIC POLYMERIZATIONS OF
PARA- SUBSTITUTED-a-METHYLSTYRENES
Introduction
The goal of the present investigation on the cationic polymeri-
zations of £ara-substituted-a-methylstyrenes was to study the different
aspects of the reaction pertinent to a quantitative interpretation of
the mechanism of polymerization and of the physical properties of the
resulting polymers, including the study of:
(1) the common ion effect to elucidate the problem of how to
control the MW and MWD;
(2) the types of ionic species present during the propagation;
(3) how the para-subs tituent affects the chain transfer reac-
tion;
(4) the possible formation of living polymers; and
(5) whether crystallization is related to a specific para-
group structure
.
Chapters II-VII described an independent study for each monomer.
These monomers were chosen according to their electron-withdrawing or
donating effect as well as according to the polarity of the para-
substituent. The substituents were the isopropyl, methoxy, fluoro,
chloro, and bromo groups, all varying the nucleophilicity of the monomer
158
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and the stability of the carbenium ion at the reactive center.
a-Methylstyrene was taken as a point of comparison in order to best
determine the extent of influence that the para-group has on the
mechanism of polymerization and the physical properties of the polymer.
Titanium tetrachloride and stannic chloride were the only
Friedel-Crafts catalysts used. They were chosen because of their dif-
ference in Lewis acid strength and their relative reactivity towards
water, which is generally found as a nucleophilic influence in any
reaction system. To these catalysts were added co-catalysts in equal
molar amounts, including t-butyl chloride (TBC)
,
benzyl chloride (BC)
,
and triphenylmethylchloride (TPMC) to form a salt of distinct initia-
tion capability. The salt formed with TBC and BC contains a carbenium
ion which is known to be an efficient initiating entity [69,70], but
the trityl salt formed with TPMC has been shown to be a very poor
initiator [15]. The very poor initiating capability of the triphenyl-
methyl carbenium ion makes this salt an excellent reagent to study the
common ion effect.
In the present investigation all polymerization reactions were
carried out under identical experimental conditions and reaction condi-
tions (0 . 08 mole % of catalyst relative to monomer and 1 . 37 mole % of monomer
relative to solvent in methylene chloride at -78°C under argon) which is
indispensable in a comparative study. The experimental data of the
products obtained from TiCl^ and SnCl^ only as initiators are collected
in Tables IX-1 and IX-2, and Figures IX-1 and IX-2 show the change in the
GPC curve patterns as the monomer was changed.
160
TABLE IX-1
Comparative Experimental Data of Polymers
Obtained by TiCl
4
Alone3
Expt
.
// R % Yield Tg°C Tm°C % S % H :% I M
n
M
w
M /M
w n
101 H 82 176 - 86 13 1 6400 15600 2.4
121
iso—
propyl 82 137 193 84 15 1 6200 13500 2.2
191 methoxy 91 92 8 0 5300 11000 2.1
141 F 83 186 73 25 2 200000
6800
350000
9700
1.7
1.4
161 CI 90 209 85 14 1 110000
2800
250000
3200
2.2
1.1
181 Br 94 227 82 17 1 330000
3800
540000
4900
1.6
1.3
The reaction time was 5 minutes
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TABLE IX-
2
Comparative Experimental Data of Polyme
Obtained by SnCl. Alone a
Expt
.
// R % Yield Tg°C Tm°C % S % H % I M
n
M
w
M /M
109
129
H
iso-
propyl
96
95
178
150
-
215
92
87
7
12
1
1
16000
7500
47000
18000
w n
2.9
2.3
199 methoxy 99 179 200 92 8 0 150000 250000 1.6
149 F 98 190 83 16 1 450000 620000 1.4
169 CI 98 214 88 11 1 420000 600000 1.4
185 Br 98 227 88 11 1 550000 690000 1.3
The reaction time was 5 minutes.
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10 )f> 42 48 54
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K i &u iv I X- J . (il'C il in t r i but i on i> I po 1 y-pa ra-subB t i t n tod-u-
ntt 1 1 hy I sly ivnoa obt aiuvd by Sn(* L a lone.
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Results and Discussion
Yield and molecula^weight
.
In the course of this investigation of the
carbocation polymerization reactions with Friedel-Craf ts catalysts, it
was of interest to compare the reactivity between TiCl and SnCl As
4 4'
evidenced in Tables IX- 1 and IX-2, it was generally found that polymeri-
zation carried out with SnCl
4
gave higher yield and higher MW. Accord-
ing to the rule of thumb generally quoted in polymer chemistry, the
most active catalyst also gives the highest MW, and the yield and MW
data gathered in the present investigation suggest that SnCl, is more
4
reactive than TiCl^. This same order follows the relative catalyst
strength of the two Lewis acids given by Calloway who used Friedel-
Crafts catalysts to alkylate and acylate various aromatic compounds
[27,28]. However, there are exceptions to this rule. Indeed, Fair-
brother and Seymour [29] in the Friedel-Craf ts polymerization of iso-
butylene at -78°C found TiCl^ to give a higher yield and MW than SnCl^.
The sequence of reactivities among Lewis acids is thus uncertain and
difficult to generalize because reactivity is necessarily dependent on
the nature of the reaction itself, the polarity of the solvent, steric
and polar effects in the reactants, catalyst-monomer complex and solu-
bility [71].
The use of co-catalysts as demonstrated in Chapters II-VII
also influenced the yield and MW. It should not be expected, therefore,
that the reactivity is dependent on the catalyst alone but rather on
the catalyst-co-catalyst combination.
The yield data are also expected to be influenced by chain
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transfer reactions. This was apparent in polymerization reactions
carried out with TiCl^ where it was observed that a longer reaction
time did not increase the yield. The extent of transfer reactions is
known to be linked to the stability of the carbenium ion and the counte
ion [4]. It is, thus, reasonable to postulate that the yield and MW
data reflect both the relative acid strength of the catalyst, specific
to the present reaction conditions only, and the relative amount of
chain transfer reactions which occurred in their different reaction
systems
.
Mechanistic aspect. Most cationic polymerization reactions, particu-
larly those involving vinyl monomers, are typified by complex initiation
processes, rapid propagation, and termination of the kinetic chain by
facile transfer reactions rather than true termination reactions pro-
ducing low MW polymers of broad MWD. Because of the complex nature of
such systems and because of the importance of finding a catalyst system
which is able to control both the MW and MWD, it was indispensable to
understand first the effect of the nature of the monomer on the reac-
tion mechanism. Although all polymerization reactions were carried out
under identical reaction conditions (namely, the same catalyst and
monomer concentration, the same solvent and reaction temperature),
Figures IX-1 and IX-2 indicate that each polymerization can be con-
sidered unique as indicated by the variation of the MWD with the change
in the para-substituent
.
All cationic polymerization reactions are known to involve a
counter-ion which can be dissociated (free ions) or non-dissociated
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(ion pairs) from the carbenium ion of the propagating species to form a
variety of ionic species. The most common endgroups are the contact
ion-pairs, solvated ion pairs, and solvated free ions. The latter is
known to be more reactive than the ion-pairs [13] and generally results
in much higher rates of propagation [23].
Chapters II-VII described the investigation of the monomers
cited above by polymerizing them with TiCl
4
and SnCl^ alone and with
various alkyl halides as co-catalysts. In addition, the common ion
effect was investigated to attempt to determine the proportions of the
ion-pairs or free ions which were present during the propagation.
The polymerization of a-methylstyrene and para
-isopropyl-q-
methylstyrene by TiCl
4
gave multimodal MWD (see Figure IX-1). The use
of co-catalyst and the study of the common ion effect led to the con-
clusion that two ionic species were present during the polymerization:
an ion-pair responsible for the formation of the high MW polymer and
a free ion responsible for forming the low MW fraction. A third peak
was also apparent in the form of a shoulder in the MWD representing
the lowest MW polymer formed during the polymerization. This peak was
shown to vanish with the addition of trityl salt. On the basis of such
observation it was suggested that the product was obtained by an ionic
species not in rapid equilibrium with the coexisting chain-carriers.
The polymerization of para-methoxy-a-methylstyrene by TiCl^ (Chapter
IV) did not form a multimodal MWD but gave a well-defined bimodal MWD
instead. This result implies that an electronic effect produced by the
methoxy group helped to achieve a faster reaction equilibrium among the
ion-pair endgroups.
In all three polymerizations mentioned above it was strongly
suggested that fidf was the counter-ion. indeed, the yield of the
product was reduced to zero as the concentration of the trityl salt was
increased in the first two cases, and in the polymerization of ^ara-
methoxy-a-methylstyrene by the salt only a substantial decrease in the
production of the low MW material was apparent. This result substanti-
ates the postulate by Plesch that TiCl^ can self-ionize to form TiCl/
TiCl
5
" [2],
Polymerization of three monomers possessing a halogen para-
substituent by TiCl
4
yielded in all cases a product having a bimodal
MWD. These polymers have relatively high MW compared to those discussed
previously. This type of chain termination reaction occurs frequently
in cationic polymerization reactions of styrene to form low MW polymers
[72], and it is also likely to occur in the polymerization of ot-
methylstyrene derivatives as postulated by Lenz and coworkers [5].
An analysis of the MW and MWD (see Table IX-1 and Figure IX-1) of the
polymers obtained with monomers having an electron-donor or electron-
withdrawing groups emphasizes the importance of these characteristics
and suggests that they may be major factors contributing to the dif-
ference in MW, reflecting, therefore, the differences in extent of
chain transfer reaction caused by electronic effects.
The study of the common ion effect indicated that in the
polymerization of para-fluoro
,
-chloro, -bromo-a-methylstyrene the
high MW polymer was formed by an ion-pair, whereas the low MW fraction
was formed by a free ion. That is, under the reaction conditions used,
a reaction involving an ion-pair was less susceptible to chain transfer
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reactions than a reaction of a free ion.
Higashimura and Kishiro [7], in the cationic polymerization of
styrene by acetyl perchlorate in methylene chloride at 0°C, observed
opposite results. They found that the high MW polymer was produced
by a dissociated propagating species while the low MW fraction was
obtained by a non-dissociated species. It should also be mentioned
that the well defined MWD seen in Figure IX-1 indicates that no impor-
tant exchange between the ion-pair and free ion occurred. This obser-
vation does not conform to what is generally believed to be true in
ionic polymerization reactions, in which ion-pair exchanges are con-
sidered to be very fast [33]. Rapid ion-pair exchange would be expected
to show a unimodal MWD [6].
The polymerization of the same set of monomers by SnCl^ gave
polymers with MW averages collected in Table IX-2 and GPC curve patterns
shown in Figure IX-2. Again, it is apparent that monomers possessing a
halogen as the para-subs tituent gave the highest MW and narrowest MWD.
The salt effect showed that the influence of the counter-ion was a
significant factor in the control of MW and MWD, and it may be concluded
that the ion-pair reaction was responsible for the unimodal MWD.
The bimodal MWD of Samples 129 and 199 are not well understood.
The most plausible interpretation is that the highly electron-donating
effects caused by isopropyl or methoxy groups made it possible to gener-
ate two chain propagating species: a free ion and an ion-pair. Another
possible explanation may be in the formation of a two-counter-ion system,
but this is not likely because the same catalyst solution was used in
all cases and the reaction conditions were identical.
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.Stereoregulari tv
.
The inves tieat- i nn r,f *-k u_jl ivebcigat o of the mechanism of polymerization
by GPC analysis was extended to the study of the stereoregularity by
NMR analysis, each analysis being expected to complement the other. In
all cases it was found that chain propagation followed a Bernoullian
sequence distribution. This result is in agreement with the work done
by Higashimura and Okamura [16] on the penultimate effect in cationic,
stereospecific polymerizations. They reported that a-methylstyrene
polymerized by various catalysts in various solvents did not show a
penultimate effect; that is, the placement of the incoming monomer was
not affected by the stereochemistry of the growing chain end. In other
words, it was unimportant whether the chain end had a racemic or a meso
configurations. In the present investigation, although the para-group
was influential in the addition of the monomer as evidenced in Tables
IX-1 and IX-2, Bernoullian statistics were still obeyed.
A general trend is seen between the triad data of the polymers
obtained by TiCl^ and SnCl^; namely, in all cases the latter yielded
polymers of higher syndiotacticity . This result offers pertinent in-
formation about which ionic species produced the polymer of highest
stereoregularity. From the GPC analysis it may be concluded that the
ion-pair endgroup gave the highest stereoregularity because polymers
in Figure IX-1 and IX-2 which had unimodal MWD, and were presumably
obtained by an ion-pair reaction, contained more syndiotactic triads
than those showing a bimodal MWD, presumably resulting from the coexis-
tence of free ion and ion-pair propagating species. On the basis of the
GPC and NMR analyses it can be reasonably concluded, therefore, that the
ion-pair produced the polymers of highest MW and stereoregularity,
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whereas the free-ion was responsible for the polymer of low MW and
lower stereoregularity
.
Thermal and crystall ine properties
. An attempt to understand how the
monomer structure affected the thermal and crystalline properties of
the polymers cited above was also made. Tables IX-1 and IX-2 reveal
that most polymers did not show a melting transition by DSC analysis.
Poly-a-methylstyrene was shown to be completely amorphous, as evi-
denced by thermal analysis and WAXS, which gave rise to a very broad
diffraction peak typical of amorphous material. The absence of crystal-
linity in this polymer has been suggested to be due to the formation of
branched poly-a-methylstyrene by aromatic electrophilic substitution at
the para position of the pendant phenyl group.
Among the para-substituted polymers, those possessing the iso-
propyl or methoxy group were found to have the highest degree of crystal-
Unity. Their melting transitions were seen by DSC analysis, and their
crystallinities observed in WAXS and polarizing microscope observations.
The Tg and Tm for these two polymers were found to be unusually close,
and the Tg/Tm ratio was found to be 0.86 for poly-para-isopropyl-a-
methylstyrene and 0.95 for poly-para-methoxy-a-methylstyrene. A simi-
lar result was found for poly (2 ,6-dimethyl-phenylene ether) [ 75 ]
.
These values are significantly higher than the value of 0.67 expected
for unsymmetrical polymers [73], although no satisfactory explanation
has ever been given for variations in these values.
The polymers having a halogen group on the phenyl ring
showed
an increase in Tg with increasing atomic number of the
halogen. This
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increase is suggested to correlate with the increase of the Van der
Waals radius from fluorine to chlorine to bromine. The larger the
size of the substutient group, the greater the steric hindrance to ro-
tation, consequently increasing the glass transition temperature [73].
The crystalline melting point of these polymers could not be detected,
but the presence of crystalline material was detected by WAXS . It is
interesting to note from the data in Table IX-1 and IX- 2 that the MW
differences may have contributed to some extent to the crystallinity
differences of the polymers. Poly-para
-chloro-a-methylstyrene showed
the largest degree of crystallization among the three polymers and
had the lowest MW while poly-para-bromo-q-methylstyrene was found to
be completely amorphous and had the highest MW. Of course, differences
in stereoregularity should be considered to be the major factor con-
tributing to the crystalline properties difference.
Quantitative treatment of the structure on reactivity . An attempt was
made to correlate the influence of the para-substituent with the tac-
ticity of the polymer. The traditional way to do this is by the Hammett
equation as described in Chapter I. An additional attempt was made to
correlate the degree of polymerization, DP^, with a-K
Figures IX-3 and IX-4 show the correlation between the syndio-
tacticity, S", and DP with 0+ values for the series of monomers studied.J n
The values for S and DP taken are the average DP and S in cases where
n n
the MWD was multimodal. In cases where bimodal MWD were well defined
the same characteristics of the highest MW polymers were taken. Table
IX-3 gives a set of data for the plot of log S and log DPn
versus a+.
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TAB Hi IX-3
Example of a Set of Data for the Plot of log S and log DP
versus o+ (catalyst: TiCl.) n
Para-
substl tuent
S v n (\ l r\—
tactlcity (S) log S M
n
DP
n
log DP
II 0.0 0.925
-0.034 6400 54
n
1.7
isopropy
1
-0.280 0.915
-0.039 6700 39 1.6
methoxy
-0. 778 0.960
-0.018 5300 36 1.5
f luoro
-0.073 0.855
-0.068 200000 1483 3.2
chloro 0.114 0.910
-0.041 115000 754 2.8
b romo 0.150 0.905
-0.043 330000 1653 3.2
Reference [74|
.
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If a correlation between log S and 0+ was expected, it is not
apparent. Such a correlation was never attempted before and therefore
there is no means of knowing whether one existed or whether the Hammett
equation is appropriate for such quantitative treatment.
The use of the Hammett equation requires that the reaction
mechanism remains constant. Figures IX- 3 and IX-4 as well as the GPC
distribution Figures in previous chapters suggest that, because of a
change in the MWD pattern from one reaction system to another, the
polymerization mechanism may not necessarily be the same for all of the
different monomers studied. This probability was clearly evidenced by
the coexistence of an ion-pair and a free ion propagating center, and
both of these species gave rise to polymers of different tacticities
and MW. This observation suggests that it may be necessary to fraction-
ate the polymer and determine the tacticity of the low and high MW frac-
tion separately. If the Hammett equation is indeed applicable to these
reactions, then there is, at present, no adequate explanation for the
discrepancies observed in Figures IX-3 and IX-4.
Future Work
The present investigations demonstrated that by changing the
para-substituent and catalyst it was possible to control the extent of
chain transfer reactions and the number of propagating species, which
in turn controlled the MW and MWD. A more careful study should be done
to determine intra- and inter-molecular chain transfer reactions, which
yield indane chain ends and branched polymers, respectively. This can
be determined by Infrared and Nuclear Magnetic Resonance analyses.
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Future studies on living polymerization reactions should be
focused on finding a reaction system for polymerizing pjira-methoxy-a-
methylstyrene at low conversions in order to follow the change in MW
with conversion. This monomer has been shown to give polymers possessing
the narrowest MWD among all of the monomers presently investigated, thus
making it an excellent candidate for the long sought-after goal of
achieving a carbenium ion living polymer. Solvent polarity may also
have been a factor preventing living chain propagations in the present
work [71] because methylene chloride, despite its low nucleophilicity
[70 J and its high polarity, is known to enhance transfer reactions. It
is thus proposed that non-polar solvents be used in future investigation
on living polymerization systems.
An attempt should be made to separate low and high MW fractions
of polymer samples where bimodal MWD's were observed. An NMR analysis
of each fraction would then give information about the extent of stereo-
regularity contributed by the ion-pair and free ion propagating centers.
DSC and WAXS analyses gave insufficient evidence to specify
quantitatively how much each para-substituent contributed to polymer
crystallization, partly because of the differences in MW and stereo-
regularity of the resulting polymers. Future investigation on the
crystalline properties of these polymers must involve a systematic WAXS
analysis of all samples to determine the effect of the MW and the nature
of the para-substituents on crystallinity before any valid conclusion
can be drawn.
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